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Abstract

Photorefractive materials are an important class of electrooptic materials used in
a wide variety of nonlinear optical devices. Although recent theories explaining the
photorefractive charge transport properties of these materials have been relatively
successful, the origin of the charge centers is unknown. Also, there are several
anomalous effects observed in BaTi0 3 which indicate that the charge transport
models are incomplete.

In this investigation, photo-induced absorption, and isotropic and anisotropic
photorefractive gratings were used to study the photo-induced charge transport
properties of BaTiO 3 in an attempt to identify the photorefractive species. Previous
models and experiments on BaTiO 3 have not taken into account the effects of photo-
induced absorption in studying photorefractive gratings. Also, most of this early
work concentrated on the isotropic nature of these gratings to determine the material
properties. The experiments and analyses presented here extend these techniques,
both theoretically and experimentally, to include photo-induced absorption and
anisotropic photorefractive gratings.

The photo-induced absorption experiments presented here represent evidence for
the existence of a distribution of localized trapping states in the band gap of BaTiO 3.
The intensity dependence of the photo-induced absorption correlates well with the
intensity dependences of the trap density and recombination time, quantities which
until now were assumed to be constants.

Several novel photorefractive scattering processes were also studied. Isotropic
scattering of a single intense pump beam was observed and modeled. Numeri-
cal calculations, performed using material parameters consistent with the previous
experiments, yielded scattering cross sections in excellent agreement with the ob-
servations. Anisotropic scattering of a single extraordinary polarized beam into
conical rings of light was also observed. Using a phase matching condition and the
electrooptic tensor symmetry properties of BaTiO3 , the scattering process of the
inner ring was uniquely determined. A model which describes the formation of the
outer ring was also proposed.

Anisotropic scattering into higher orders were observed. To derive approximate
solutions for the higher order gratings a perturbation technique was used to modify
the transport equations. The measurements were found to be well described by
the model. Finally, a new anisotropic four-wave mixing configuration was demon-
strated. It was shown that amplified reflection could be performed without phase
conjugation.
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1 Introduction

1.1 The Photorefractive Effect

The wide spread proliferation of laser technology and the growing interest in non-
linear optics during the early sixties, led to an intensive search for new optical ma-
terials. This early research was primarily concerned with parametric wave-mixing,
such as frequency doubling.1 ' 2 and parametric amplification. 3'4 Since these processes
required • varicty of phase matching conditions, many birefringent crystals, such
as ammonium dihydrogen phosphate (ADP),5 potassium dihydrogen phosphate
(KDP), 6 and barium sodimni nihate Ba 2NaN b50, 5 ,7 were examined. Unfortu-
natelv, the high optical intensities required for optical parametric processes were
also a source of optical damage.'

In LiNbO 3 and LiTaO 3 , this damage was manifest as distortions in the refractive
index along the path of the beam.8 which could be reversed by heating the crystal,
or by flooding it uniformly with light. This damage was also found to be a function
of total energy incident on the crystal. That is, short exposure times and high
intensities gave the same effect as long exposure times and low intensities. The
ability of the crystal to integrate the optical power indicated that some type of
microscopic transport process could be involved. Since the refractive index damage
was photo-induced, the term photorefractive was coined.

In a similar phenomenon, known as the photochromic effect, the optical absorp-
tion could be changed by the application of light. This change in the absorption
was shown to be the result of photo-induced charge transfer between impurity ions
in the crystal. 9," Since different valence states of the ions had different absorption
spectra, spatially varying intensity patterns generated spatially varying absorption

centers in the crystal. An extension of this model was used by Chen" to explain
the optical damage seen in LiNbO 3.

In Chen's model, Fig. 1, charge trapped in defects or impurities in the band
gap, is photoexcited in the high intensity regions of the crystal. The liberated car-
riers then migrate to the dark regions of the crystal, resulting in a redistribution
of charge with the same spatial variation as the incident light. This redistributed
charge has an associated space charge field which, in noncentrosymmetric crystals.
induces a change in the refractive index through the linear electrooptic effect. Since
the symmet rv requirement for phase matching is the same as that for the electroop-

tic effect, no inversion symmetry, many materials of possible use in parametric
wave mixing were found to be subject to photorefractive damage. Some of the ma-
terials found to be photorefractive include ferroelectric BaTiO 3,12 Sr.Bal-,'Nb 206

(SI3N), 13 Ba 2NaNb50s5 ,5 " and lKNbO 3 ,15 non-ferroelectric Bi 12Si0 20 (BSO), 6 and
GaAs,17 and organic polymers.' 8 Also certain PLZT ceramics,1 9' 20 which possess
only a second order (Kerr) electrooptic effect, have been found to be photorefrac-
tiVe.

S- - ,. • • ,n• • un n~anm mmnnnnm nm umnonaunmn um nllmn9



Conduci Band

Valence Band

Figure 1: Basic mechanism of the photorefractive effect. Photoexcited electrons are

redistributed, resulting in a space-charge field which modulates the refractive index

through the electrooptic effect.

Chen was the first to devise the standard experiment for studying the photore-

fractive effect. He realized that the refractive index variations could be used to

store phase holograms in the crystal.21 In his experiment, the interference fringes of

two coherent plane waves intersecting in the crystal, produced a pure phase grating

through the photorefractive effect. This enables characterization of the effect in a

crystal by measuring the diffraction efficiency of a light induced grating. In one

experiment, more than 100 gratings were recorded in a IiNbO3 crystal.22

Since this early work, the photorefractive effect has been used in a large number

of nonlinear optical applications. The most widely known of these is optical phase

conjugation.2 3' 24' 25 This will be discussed in Chapter 6. Other applications include;

image subtraction,2 associative holographic memories, 27 phase-locking of lasers,28

and optical bistability.3 While many of these applications have shown great promise

in the optical signal processing field, it is a promise which has so far been fruitless,

since these applications are confined to relatively few research laboratories. Some of

the reasons photorefractive materials have not been successfully integrated into use-

ful devices are (1) a lack of a clear understanding of the photorefractive centers and

their role in the photorefractive process, and (2) several anomalous photorefractive

scattering processes that tend to degrade device performance. Other considerations

are more in the nature of engineering problems such as the requirements of stability

6
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Figure 2: Correlation between iron concentration and the photorefractive trap den-
sity in BaTiO 3. (After Ref. 34)

and coherence needed for holography.
Identification of the photorefractive species in LiNbO 3 was attempted in the

early seventies by Peterson et al. o Their method was to combine a number of
techniques such as electron spin resonance, oxidation and reduction, and optical
absorption to correlate the affects of selected doping on the photorefractive prop-
erties. They measured the diffraction efficiency of undoped crystals and crystals
doped with 450 ppm Fe. The diffraction efficiency of the doped crystals was found
to be two orders of magnitude larger than the undoped crystals. After annealing
in a reduced oxygen partial pressure the diffraction efficiency of all the crystals was
smaller than that of the as-grown or air-annealed crystals.

Their ESR measurements indicated that the dominant valence state of the iron
in the as grown crystal was Fe+ . Since the reduced crystals showed both a decrease
in the diffraction efficiency and a decrease in the Fe+ 3 ESR signal, they concluded
that the predominant photorefractive species in LiNbO 3 was Fe+3 . Unfortunately,
most of the early photorefractive work did not include light-induced grating erasure
and although there has been some work on the erasure rate kinetics, 31 32, 33 the
intensity dependence of the erasure rate has not been reported. Therefore, it is not
known if the decay rate of LiNbO 3 exhibits a sublinear intensity response. Also,
photo-induced absorption effects were not reported.

The first attempts to determine the photorefractive species in BaTiO3 were
only recently attempted by Klein and Schwartz. ' Their research was patterned
after that of Peterson et al, 30 with the exception that they used beam coupling
to characterize the photorefractive effect. Chemical analyses of the crystals showed

7



that iron was the predominant impurity in their commercial samp les, all litigli ot it'c

transition metal impurities were also present. Ihese iron concent rat I ons also s'ii itI
to correlate to the Fe+ 3 ESR signals from the samples. Since the bean) coupling
results showed a linear correlation to the iron concentration, they concluded that
iron was also the domiiaiant photorefractive species in BaTiOj. iheir data showed
a four-fold increase in the trap density for only a two-fold increase iII t lie iron

concentration Fig. 2.

This result however, is in direct conflict with the results of Schuneniann et al. ]
and the work presented in this thesis. The origin of this conflict is not completely
understood, however the crystals used in this work were grown fromi purified Inate-
rials and systematically doped witll varying amounts of iron. constitutiig a I etter
control group.

I)ucharme and Feinberg 36 conducted oxidation reduction exptiimient s on similar
commercially available samples of BaTiO 3. They found that the doii iant cart in
which was holes in as grown and oxidized crystals, could be convertedl to ehectronis

after reduction at 650"c at a partial pressure of 10" atm. The sublinear iiitensil v

dependence of the decay rate usually observed for BaTiO 3 , 37 was observ\cd for their
as grown and oxidized crystals. However, the crystals which had been converted to
n type exhibited a linear intensitY dependence for the decay rate.

8
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2 Barium Titanate:Physical Properties and Crystal

Growth

The electrical and optica! propertiez of Barium titanate have been studied inten-
sively over the past forty years with much of this work performed at the MIT Lab-
oratory for Insulation Research. This section primarily serves to give background
on the material properties of BaTi0 3 relevant to the photorefractive effect.

2.1 Physical Properties

Above 130 °C, barium titanate exists in the cubic perovskite structure, ABO.•,
shown in Fig. 2.1. 1 In this structure, the Ti4 + ions (B), are at the center of six 02.

ions forming regular octahedrons. The octahedrons are connected at the corners
with Ba 2+ ions, (A), occupying holes in this framework. Each Ba 2+ ion is surrounded
by twelve equidistant 02- ions.

As the temperature is lowered below 130 'C, BaTiO experiences three first order
ferroelectric phase transitions. At 130 'C the unit cell becomes distorted along a
[1001 direction and the crystal symmetry reduces to tetragonal 4mm. It is believed
that the Ti and 0 ions move to new equilibrium positions in opposite directions [see
Fig. 4] resulting in a net polarization. This model was shown to fit neutron and
x-ray diffraction data with the barium ions not contributing to the polarization. I
Since this shift can occur in any one of six directions, cooling through the Curie
temperature causes simultaneous nucleation of multiple domain structures in the
crystal.

The first order electrooptic effect has it's origin in the quadratic electrooptic
effect. To understand this consider the cubic structure of BaTiO 3 above 130 `C. In
this phase the refractive index is isotropic. However, if we apply an electric field to
the crystal we can induce birefringence through the quadratic electrooptic effect 2

~1) N P2.()

In this case the polarization P is the result of the applied field E.
Now consider the same BaTiO 3 crystal below 130 'C. In this tetragional phase

there is a spontaneous polarization P, and from Eq. 1 we expect that, the crystal
should be naturally birefringent. When an electric field E is applied to the crystal
the net polarization P is composed of both the spontaneous polarization P, and the
polarization due to applied fields PE. From Eq. 1 we see that the change il the
refractive index now has several terms with

112)~ P" + T +12P P . (2)

12



A B 0

(b) ,

Figure 3: Perfect perovskite structure showing (a) the unit cell centered around the
Ti+4 ion, and (b) the TiO 6 octahedra surrounding the Ba+2 ion. (After Ref. 1).

13



A B 0

Figure 4: Ionic displacement in tetragonal BaTiO3 .

As stated, the natural birefringence is due to the spontaneous polarization P., with
no-n, cxP.. For small applied fields we can neglect the P' term. This leaves the
cross term which is known as the first order electrooptic effect. Taking into account
the tensoral properties of the crystal, the electrooptic effect can be written as 3

An1 -= rijk Ek (3)

where rijk is known as the electrooptic tensor. Using the symmetry properties of
the tetragonal phase 4mam, the allowed tensor elements are r131=r 3 jj=r 2 32 =r 32 2,

r, 13=r 2 2 3 , and r 3 3 3 . 3

The two remaining phase transitions are found to be very destructive. Below
5 'C, the unit cell distorts to mm orthorombic symmetry with the spontaneous
polarization along the [110] directions. Finally, below -90 'C, the spontaneous
polarization is along the [I111 direction with 3m trigonal symmetry.

The room temperature tetragonal phase is the one of interest to most optics
researchers since its both ferroelectric and electrooptic with only a only a slight
elongation of the unit cell in the polar direction.

2.2 Crystal Growth and Preparation

At present, the best technique of growing single crystalline BaTiO 3 is the top-seeded
solution growth technique developed at the MIT Crystal Physics and Optical Elec-
tronics Laboratory. In this method, a solution of BaO and TiO 2 is prepared using

14



the phase diagram shown in Fig. 6(a). A ccmposiion of 66%TiO 2 and 34%aBAO is
found to give the widest growth range. The furnace, Fig. 2.2, is heated by silicon
carbide heating elements and the thermal gradients are kept low by insulating fire
bricks. The temperature is ,raised to approximately 1400 'C and a [100] seed of
BaTiO 3 is introduced into the furnace above the melt. After equilibrium is reached,
the seed is introduced into the melt. To initiate growth, the temperature is slowly
lowered at approximately 0.4 °C/hr. After 5 to 10 hours, the seed is pulled from
the melt at a rate of 0.2 to 1.0 mm/hr. After about 60 hours of pulling, the crystal
is removed from the melt and the furnace slowly cooled to room temperature.

Because of the large differences in the size of Ba and Ti ions, doping is expected
to be highly site selective. For instance, the transition metals are all similar in
radius to the Ti ion, while the rare earth ions are closer in radius to the Ba ion.
Therefore Fe+' would be expected to be incorporated in the lattice at the Ti+4 site.,
while Ce would probably reside in the Ba site.

The first attempt at doping was made on crystals grown from a melt containing
reagent grade TiO 2 and BaCO 3. These crystals were light green in color before dop-
ing. The addition of 20 ppm Cr to the melt, {0.66[(1-x) TiO 2 +x Cr2O 3] +0.34 BaO},
resulted in crystals which were very dark red in color. Although these were riot use-
ful for the normal photorefractive studies, the strong beam fanning discussed in
Chapter 6 was first seen in these crystals.

The second doping attempt was made on crystals known as nominally pure, that
is, they were grown from a melt containing relatively pure TiO 2 and reagent grade
BaCO. Crystals of this type are the same as those reported in the literature. These
crystals were found to have a light yellow-orange color. The addition of 20 ppm Ce
to the melt, [0.66TiO 2+0.34(1-x)BaO+0.34(x)CeO 2], resulted in moderately dark
red samples. Strong beam fanning was observed in the Ce doped samples and
photorefractive characterization was again hindered.

The third attempt at doping was performed by Peter Schunemann on a melt
containing TiO2 which he purified through a distillation process and BaCO3 purified
by David Gabbe through a solvent extraction processes. The undoped crystals
showed very little absorption in the visible. The doped crystals were prepared by
substituting Fe for Ti in the melt [0.66(1-x)TiO 2+0.66(x/2)Fe 2O 3+0.34BaO] where
x is the doping level. The melt doping levels were 50 ppm, 500 ppm, and 1000 ppm.
The color of the as-grown doped samples varied from light yellow for the 50 ppm to
brown for the 1000 ppm. The visible absorption in 50 ppm and 500 ppm crystals
was small enough to allow photorefractive characterization.

Crystal growth from a BaTiO 3 Ba 20 4 melt [see Fig. 6(b)] was also attempted.
This has the potential of increasing the growth range and lowering the growth tem-
perature. In this case only one growth run was attempted. The composition used
was [0.4B 20 3+0.6TiO)2+BaO] and the resulting seeding temperature was 12870.
This melt seemed to be extremely viscous and the resulting crystal was simply a
mass of dendritic growth. However, recently crystals have been successfully grown
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Figure 6: (a) The BaO-TiO 2 phase diagram and (b) the BaB 20 4-BaTiO 3 phase
diagram. (After Refs. 6 and 7)

from a similar melt by David Cabbe. s
As a final note, a weighing error by the author lead to a melt with approximately

a 50/50 BaO/TiO2 ratio. This resulted in a crystal which was extremely cracked
and very unsymmetric. X-ray diffraction data taken by David Gabbe showed this
crystal to have a hexagonal structure as expected by the phase diagram Fig. 6(a).

Since the Curie point is around 130 °C, crystals cut from the boules are found

to have twinning of 900 domains as shown in Fig. 7. These crystals are cut along
[100] directions and polished first with 20 micron grit and then 3 micron diamond
paste. The domains are eliminated by two methods. First the samples are subjected
to hydrostatic pressure alternately along two perpendicular axes to eliminate the
twinning. After each cycle the crystal must be repolished due to surface changes
which can result in cracking if the poling were continued. This mechanical poling
removes the 90' domains leaving only the domains which are 1800 apart. These

are aligned by heating the crystal near or above the Curie temperature, applying
an electric field of approximately 1000 V/cm, and then slowly cooling the sample

back to room temperature. Figure 8(a) shows the typical domain structure of an

unpoled crystal placed between cross polarizers. Figure 8(b) shows the same crystal
after mechanical and electrical poling with the c-axis parallel to the page and the

long axis of the crystal. The size difference is due to the successive repolishing of

the crystal during the poling cycles.

17



Figure 7: Demain twinning in BaTiO 3 . The arrows denote the polar axis (After
Ref. 1).

(a) (b)

Figure 8: Photographs of a BaTiO 3 crystal (a) unpoled and (b) poled. The crystal
was placed between crossed polarizers and in (b) the c-axis is parallel to the page.



Three samples doped with 50 ppm, 500 ppm, and 1000 ppm Fe were electroded

on the c faces, placed in a quartz tube and annealed at 800 'C in an argon at-
mosphere with 100 ppm oxygen (10' atm) for 36 hours. The samples were then

quenched to 175 'C by moving the quartz tube to another furnace at 175 'C. A pol-
ing field was then applied and the temperature slowly lowered to room temperature
at a rate of approximately 5 'C/hour. 9, 8
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Variably valent iron impurities have been suggested as the source of photorefractive charge carriers in BaTiO
High-purity BaTiO, crystals were groon %ith transition-metal impurity levels below the If:' cm baseline
estimated for photorefractivity. Iron-doped trystals were grown •ith concentrati, r o(f 5. 50. 25.0. 50. 750. and
1000 parts in 106 of iron. Changes in iron valence monitored by optical absorption m the Po range 1 I0 1 atm were
found to be consistent with a defect-chemical model indicating Fe" and Fe" to be the stable valence states in this
range. Photorefractive characterization of high-purity BaTiO, suggests that variably %tlent iron ions are not the
dominant photorefractive species in these crystals, whereas the role of iron centers in doped crystals is complicated
by large absorption losses.

INTRODUCTION based on variations in the Fe`/F'e:` ratio.;" Ducharme and

Feinbergi" reported the effects of oxidation and reduction at
BaTiO, is of particular interest among photorefractive ma- 650'C on a nominally undopcd crystal and also noted a
terials because it has demonstrated the highest four-wave change in photorefractive carrier sign. which, in their crys-
mixing reflectivities (greater than a factor of 20) by virtue of tal, corresponded to a minimum in trap density near 0.5 atm.
its large electro-optic coefficients,. 2 Despite the promise of These results led them to conclude that oxygen vacancies (or
barium titanate for applications involving phase conjugation impurity-oxyvgen vacancy complexes) were the photorefrac-
and optical information processing, the centers responsible tive donors ot negative charge.
for the photorefractive effect in this material have not been The only reported study of the photorefractive properties
conclusively identified, and this lack of understanding of intentionally doped BaTiO, is the recent work of Gode-
hinders the control and optimization of its nonlinear-optical froy et al." They measured the maximum diffraction effi-
and photorefractive properties. ciency, writing speed. and electro-optic coefficients in a se-

The basic physics of the photorefractive effect is currently ries of crystals doped % ith a wide range of Fe concentrations
well understood3 : (1) When the material is nonuniformly (undoped to 2500 ppm. They reported that all measured
illuminated, carriers (electrons or holes) are optically excit- parameters were highest in the 750-ppm Fe-doped crystal,
ed from energy levels (donors or acceptors) in the band gap; with the diffraction efficiency increasing by a factor of l01)1)
(2) the excited carriers migrate by diffusion and drift and are over that of the undoped crystal. A major shortcoming of
retrapped and reexcited until they reach the less bright this work. ho%%ever. is that the measured crystals were nei-
regions of the material: (3) this redistribution of charge cre- ther electrically nor mechanically poled, and the measure-
ates internal electric fields that modulate the refractive in- ments that were performed are particularly sensitive to the
dex of the material through the electro-optic effect. The presence of 900 and IS0° domains. In fact. their reported
exact identity of the photorefractive sources and traps. how- investigations ,,of the crystal-domain structure ( performed
ever, remains unclear for BaTiO3 . using a unique optical topography approach i indicated a low

Previous efforts to isolate the photorefractive centers in degree of poling and notable variation among crystals.
BaTiO:3 have focused mainly on nominally undoped crystals The goal of this research was to gain more insight into the
from a single commercial source.4 Klein and Schwartz" de- role of Fe centers, if any. in the photorefractive process in
termined the impurity concentrations in a series of such BaTiO:j by controlling the concentration and valence states
crystals by chemical analysis and noted a general increase in of the Fe in a series of crystals and by correlating the results
the photorefractive trap density. Fel* electron paramagnet- with measured optical and photorefractive properties. Our
ic resonance (EPR) signal, and absorption coefficient with approach is based on the popular theory' that variably va-
increasing iron content over a narrow concentration range lent transition-metal ions, in particular divalent and triva-
[-50-150 parts in 106 (ppm)J. On the basis of their observa- lent Fe impurities, are the species responsible for photore-
tions and similar results reported for LiNbO ;. " Klein and fractive charge carriers in BaTiO,.
Schwartz concluded that Fe:* and Fe2- are the sources and Our strategy for evaluating the effects of such centers on
^raps, respectively, of photorefractive carriers when the car- the photorefractive behavior of BaTiO, was fourifold Be-
riers ara holes (and vice versa for electrons). Reduction of cause it has been estimated that the density <of charge carri-
the same crystals (Po, - 10- O-10-1 atm) yielded increases ers involved in the photorefractive effect is ot the order of
in photorefractive speed and a change in carrier sign from 10>'cm'," the first goal of this research was to prepare high-
positive to negative. These were explained by a model purity single crystals with transition-metal and aliuvalent
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impurity levels below this level. T',c second goal of this
work was to grow a series of Fe-doped iaTiO.j single crystals
with low background impurity levels by systematically dop-
ing the melt from which the above-mentioned high-purity
crystals were grown. Third, we employed a defect-chemical
approach to control the Fe valence through thermal oxida-
tion and reduction treatments. Finally, these variations in
Fe concentration and valence were correlated with general
trends in the photorefractive behavior of the crystals as
characterized by saturation diffraction efficiency. light-in-
duced grating erasure rate, and two-beam coupling mea-
surements. Preliminary results of this study were recently
presented.'" '

Fig 2. Typical single-crystal boule grown !jy TSSG.

HIGH-PURITY BARIUM TITANATE SYNTHESIS

Purification of Starting Materials
A major effort in this research was devoted to the synthesis
of high-purity starting materials because titanium dioxide
and barium carbonate feed materials are not commercially
available with impurity levels below the nominal concenta-
tion of 10i•./cm'. as is apparently required otr photoretrak
tivity.

The TiO2 feed material was prepared by the hydrolysis of
titanium isopropoxide, TWOC •H- 14, according to the reac-
tion

C H-OH
TifOC,H) 4 + 3HO • TiO - H 0 + 4(" H-OH.

III

The titanium alkoxide precursor (Stauffer Chemical Com-
pany) was first purified by a reduced-pressure fractional
distillation. This purification technique was based on the
observation that titanium isopropoxide has a much lower Fig. 3. Photograph of 90l domain walls .diagonal lines) in unpoled
boiling point than the isopropoxides of other transition-
metal impurities. I A 600 mm X 12.5 mm vacuum-jacketed
distilling column packed with 1/8-in. (0.32-cm) glass helices brown liquid and metal particulates in the still pot. The
provided -15-20 theoretical plates.' Purification was collected distillate was removcd tinder a dry-nitrogen atmo-
qualitatively evidenced by the transformation of the alkox- sphere and was reacted with a dilute solution of deionized
ide from deep yellow to water clear in color, leaving a diark- water and semwiionductor-grade isopropvl alcohol (Mal-

linckrodt) to form hydrated TiO_ powder. which was then
vacuum dried in the same vessel. A fhow chart for the pro-

I ,, ,cess is shown in Fig. (ia,.
. . ,. Barium carbonate was formed by reaction of a purified
500",)r ,c fm, P . e -2 aqueous solution ,f FaCI: and urea. (NH 2 ,)CO. with CO. in a

|t.od, 0,W'• ,.%2 •pressurized vesrtl. Reagent-grade BaCI and urea were dis-

(Q) PURIFICATION of TITANIUM DIOXIDE solved in water, filtered, and purified bv solvent extraction.
In the solvent-extraction pro(ess the aqueous solution was
intimately mixed with a dense immiscible liquid phase
(chloroform) that contained an extracting or chelating agent

2. 2 (?0 idiethylammonii'rn diethyldithiocarbonatel. which readily
S504 e, 2., ,),r s forms complexes with a large number of metal ions. These

Je'• ie .01e. ,- MC metal complexes segregated to the dense chloroform phase.
I -U, where their presence was indicated by a bright-yello% or

green color, and were subsequently removed by using a se
~ paratory tunnel. The extraction process wvas repeated for

,vmovre-9lys several solution pH values until the extracting phase wp-
,, 2 :colorless. After extraction, the purified solution was refil-

tered and reacted under CO(: pressure (1.03 X I l Pa.
fb) PURIFICATION of BARIUM CARBONATE -6( 00() to form crystalline BaCO,. which was centrifuged.

Fig I Fh,,w charts hfr ial preparatin tt high purii% 'It) and hi washed, and dried. A flow chart for the entire pricess.
purification and nt het-,i I HaB)it carried out I a .l1ss I )At clean room, is shown in Fig lb.i
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Single-Crystal Growth Optical Sample Preparation

High-purity BaTiO3 single crystals were grown by the top- Crystals were cut along 11001 planes. as determined h) the
seeded solution growth (TSSG) technique.192 -4  Extreme backreflection Laue method, and faces were ground to near
care was exercised to minimize furnace contamination of the parallel with 20-jim SiC. Cut and ground cubes were then
purified feed materials. The growth furnace was rebr;cked polished by hand with 3-jum diamond paste on a lightly oiled
with new lining materials, new SiC heating elements were paper lap. The presence of 90' domains in the polished
used, and the platinum crucible was kept cover, -I while the samples was clearly indicated by sharp planar boundaries
closing bricks were lowered in place. Crystal growth was within the polished samples. These boundaries ran diag,,-
first initiated on a platinum wire to avoid contamination nally across the -redominantly a faces, as shown in Fig. ýý
from an impure single-crystal seed. Later, high-purity sin- These domain walls, in fact, served to identify the a face.,.
gle-crystal seeds cut in the ý 100 direction were used with whereas the c direction was indicated bv a characteristic

dimensions of approximately 10 mm X 2.5 mm x 2.5 mm. color pattern when viewed between crossed polarizers.
Single crystals were grown from a titanium-rich melt con- Single-domain samples were achieved by a combination ,f

taining 66 mol % TiO,. corresponding to a liquidus tempera- mechanical and eleci rical poling. Uniaxial stresses of 10.:3 X

ture of app,'oximately 1380 0 C. (Experience has indicated 106 to 20.7 x 106 Pa applied along an a axis were generall>
that growth from melts at temperatures >1400'C yields sufficient to remove all visible 90' domain valls. During

poor results.) The melt was heated slowly at first to drive application of the stress, performed by using a pressurized

out moisture and was then raised from 200 to 1450'C in 20 h piston, the 90' domain walls visible in the unstressed a

and soaked for 24-40 h to ensure complete dissolution of the direction woulk migrate toward the corners of the crystal.

ceramic powders. Seeding temperatures, indicated by equi- This migration would create surface steps on faces along

librium between the melt and the air-cooled seed, varied which the ends of the domain-wall boundaries moved. The

between 1382 and 1392°C for successful growth runs because moving domain walls would eventually get hung up on these
of variations in the moisture tontent of tl, hydrated TiO.-. surface steps so that the crystal needed to be repolished
After seeding, the melt was cooled at 0.2 0 C/h for 25-35 h before poling could continue. After sufficient iterations, all
until pulling began at 0.15-0.2 mm/h. During pulling, the directly visible 90* domain walls coul'H be removed, although
melt was cooled at 0.5 0 C/h to temperatures slightly above a cloudiness visible in crossed polarizers often revealed the

the eutectic (1320"C), after which the crystal was removed presence of residual 900 domains. These were removed by
from the melt and slowly cooled to room temperature. Most applying an electric field of 1000 V/cm in an oil bath near or
growth runs yielded single-crystal boules of good optical above the Curie temperature (133°C). Nickel electrodes
quality, as shown in Fig. 2. were polished to optical flatness to ensure good electrical

Table 1. Spark-S&urce Mass Spectrographic Analysis of Reagent Precursors, Purified Feed Materials, and
Resulting BaTiO3 Single Crystals I

TiO BaCI1 Ures BaCO,
Element' Unpurified Purified tUnpurified) iUnpurified) WPurified) BaTiOG

Li' 0.5 2
B' 2 3 2 12 1 5
Na* _< 2 _< 2 2 Os 2

g 2 2 1 51 2

AI 2 2 -3 0.5

Si'* 5- 4 11' 4 4

PV 0 1 0.0;) 0.2 , 0.1 0.05
S-- <2 <2 <2 Os, <2 <2
Cl- 10 3 Major 150 l 1)
K' 2 2 50 2 01 2 501
Ca:, 3 5 2(0) . 250 2
Cr, 006 50.02 <f, 02 0.05 5<0 012

Mn' ` 5 <0.02 <5042

Fe- '' 2 (Y) 0.3 '42 1 0.3

NiC 0.3 0 1 _<1,114 50.04 004

Cuý - 0 1 :0 02 _<,f02 0.06

Zn:" 5 0.1 0.1
As• 0.5 0.05 0 1

Sr-' 30 20 50

Zr" 0 1 <0.04 0.1
Nb• o003
La " 0).06 0 O)t

Ce` 0o(2 <0 02
Pr " 50 02

Nd'* 50 ()8
Pb'" _<).O4 :5 () 04

Quantities are riven in part- per milion atIrmi(

So', (a•*- Sr- '. Zr,'. and Ph " are iso~aient impuritie-
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0.5 i 1. The spark-source data indicated that the TiO frac-
tional di~tillatin procedure reduced the Fe content kv a

0 ,• - _factor of[ 4 and remo)ved all other transition metals to hehow
detecti,,n limits.

S0 __2. tiV spectrophotometric data of purified BaCO. .,ndS•',@•- 2the reagent BaCI, precursor dissolved in HCI (Fig. 4) indi-

n cated that the absorbance due to transition-metal chhoro-
S0.2 -complexes in the BaCO:) is significantly lower than in the

.0°_'' BaCI.,. The peak at 230 nm in the BaCI., spectra corre-
O. • :" • •sponds well to the Fe peak reported in the literature.2 : In

contrast, then, to the mass spectrometric data, which gave
SQ Fe concentrations of 0.3 and 1 ppm in BaCI2 and BaC'O.

~r'i~, :erespectively, these results showy that the BaCO purificati,,n
200 250 300 350 400 process ;ignificantly reduced the Fe levels o)f the BaCIl pre-

WavelengTh (nrm) cursor.

Fig. 4. Measured [UV spectra of reagent Ba('l and purified B.( -o $1. Optical-absorption spectra of crystals grown from t a;
dissolved in HC'l Peak at 2:•t nm u(rres•pund- t,. ["- impurity,-. reagent BaCO, and Baker Ultrex TiO2, (b) reagent grade
removed bv solvent extraction~ BaCO., and purified TiO•, and (cI purified BaCO:+ and puni-

fiec TiO. synthesized in this laboratory (Fig. 5) reveal that
the band edge of the high-purity crystal is shifted to a slight-

s ' xiv shorter wavelength and drops off more steeply, both of
S- which are indications of decreased impurity levels.

4 ,,'o.-: 4. As indicated by mass spectrometry, transition-metal
. r ... •': impurity levels in the high-purity BaTiO.3 single crystal are

S3 -os,,a: .t .. ,:: J near or below the nominal concentration of 10IC/cm 3 ( 1 ppm

'2 torefractive effect. Fe and Ni were measured at concentra-

•. • tions of 0.3 and 0.04 ppm (atomic), respectively, whereas all
S-."• . other transition metals were below detection limits (0.01

< - ppm). The only aliovalent impurities reported at levels

,0(, 5o • 7o Zoo go greater than this were B (5 ppm), Al (0.5 ppm), and Cl (10
Wavelength lrnm) ppm). which is a remnant of the BaCI• precursor. These

Fig. 5. Measured optical-absorption spectra comparing relative results reveal that these high-purity BaTiOa crystals are, to
purity of BaTiO single crystals grown from commercial and purl- our knowledge, the purest yet achieved in this laboratory or

fled eed ateralsever used for photorefractive studies.

SYSTEMATIC IRON DOPING
contact, and voltage was applied slowly (1l0 \V/mini to reduce
the tendency toward surface cracking at the positive elec- To investigate systematically the effects of Fe concentration
trode, which sometimes occurs during rapid domain reorien- on the photorefractive properties of BaTiO3 ., crystals were
tation, grown from melt compositions containing 5. 50, 250. 500,

Critical factors in achieving poled BaTiO. samples proved 730, and 1000 ppm of Fe. Doping was accomplished by
to be (1l having a good polish so that moving domain walls substituting FeO for TiO: in the above-mentioned high-
would not hang up on surface flaws, (2) using multiple itera- purity melt according to the proportion 34% BaCO1 + + 66%
tions during mechanical poling to avoid stressing and crack- [1- x)TiO 2 + (x/2)Fe2_O.•], where x is the doping level in
ing, and t3t having ,tress-free single crystals. Residual parts in 10• (atomic). The Fe concentration, therefore. re-
stresses from coolirng through the phase transition during fers to the ratio Fe/Ti in the melt. The actual Fe concentra-
crystal growth or stresses induced during mechanical polish- tions in the resulting crystals were confirmed by chemical
ing and poling could sometimes prevent complete mechani- analysis. Atomic absorption analysis (Northern Analytical
cal poling and would often cause severe cracking during Laboratories) was conducted on the doped BaTiO.1 samples.
electrical poling, which were dissolved by fusing with lithium tetraborate.

The results are listed in Table 2 and indicate a segregation
Evaluation of Sample Purity coefficient near unity. This value for the segregation coeffi-
A combination of spark-source mass spectrometry (North- cient is somewhat higher than that reported by Godefroy et
erm Analytical Laboratory, Amherst. New Hampshire). LV a).-"2 for TSSG BaTiO1 . Their Fe concentrations, however,
spectrophotometry, and optical-absorption spectroscopy were substantially higher than those used in this study, and
were used to) cont irm the imp~urit y co)ncent ration levels in the few data points at lower concentrations do suggest values
the starting materials, the purified feed, and the resulting approaching unity.
high-purity BaTiO single crystals. The results of spark- Single-domain optical samples of the Fe-doped crystals
source mass spectrometry are listed in Table I. and the LXV were prepared using the procedures described above fo~r the
spectrophotometric data and visible ahsorptiion spectra are case of high-purity crystals. Two notable differences in be-
given in Figs 4 and .-) respective-ly The res-uhis of these havior, however, were observed during the electrical-poling
anal},es-canbhe-ummarized ast-ilhows: pro)cedure. Fir-t. crystals containing 500. 750. and 10)00
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Table 2. Chemical Analysis of Fe-Doped BaTiO3  dielectric constant from -12.000 in the cubic phase to
Single Crystals" -2,000 after the transition. The results indicated that the

Iron Doping Level Iron Level in Curie temperature dropped approximately 20(C per 1000)

Sample Number in Melt (ppm) Crystal. Analyzed (ppml5  ppm of Fe, in close agreement with the value of -21 0 (`'
mol '( reported by Hagemann and lhrig.-' Annealing in the

1434 0 0.31 oxygen partial pressure range indicated above had no signifi-
1442 5 <10 cant effect on T,_ however, which is in agreement with the
1446 50 49 results of previous workers2" as well as those of Wechler ct
14-53 500 530 al." but is in sharp contrast with the results of Ducharme
1457 750 731
1462 1001 980 and Feinberg,'' who noted a 6°C drop in T for annealing in

argon as compared with oxygen.
Results indicate a segreeatiin coefficient near urnit.
Atrmic absi.rptwon ,Nrt hern Analytical-
Spark-svurce mass spetrreitetr , iNorthern Analtical, CONTROL OF IRON VALENCE

ppm of Fe were found to develop an unusual bright-yellow Defect Chemistry of BaTiO 3 :Fe

color band during application of the applied field (1000 V/ The understanding and control of the various valence '4atts

cm) at temperatures near the Curie temperature. T,. This of Fe and their relative concentrations is clearly critical to

color band was defined by a sharp boundary parallel to the evaluating the possible role of these centers in the photore-

positive electrode, and with time this boundary propagated fractive process in BaTiO;. The defect chemistry of

toward the negative electrode. A similar coloration phe- BaTiO., 2 7 12 and in particular transition-metal-doped

nomenon was apparently observed by Godefroy et al. -2 and BaTiO,.2"' '• has been extensively studied by high-tem-

prevented them from electrically poling their samples. For- perature electrical conductivity, thermogravimetry. Most.-

tunately, in these experiments the color front advanced only bauer spectroscopy, and EPR. The work of Hagemann and

1 or 2 mm into the crystal in the times required for electrical co-workers2": `, on Fe-doped BaTiO.: yielded the thermo-

poling (1-5-2.5 h), thereby leaving a region large enough for dynamic defect model presented below, which permits the

optical evaluation, concentrations of Fe 2 +, Fe:"+, and Fe'- to be determined as a

Electrocoloration phenomena were previoosly reported in function of oxygen partial pressure, temperature, and total

both BaTiO:3 (Refs. 23 and 24) and SrTiO:-.2 ' Blanc and Fe doping level.

Staebler2-5 noted that the application of dc electric fields to When BaTiOG is treated at low oxygen partial pressures

transition-metal-doped SrTiO, in the temperature range of and elevated temperatures, oxygen vacancies are created

-100-325*C resulted in the appearance of colored regions and balanced by the generation of mobile electrons accord-

characteristic of oxidized material at the positive electrode ing to the reaction

and reduced material at the negative electrode. Their re- 0o, = 1l:02 + Vo" * + 2e. (3)
sults were consistent with a simple model based on the drift
of doubly ionized oxygen vacancies under the influence of with an equilibrium constant for reduction given by
the applied field, which caused oxidation and reduction of 2 =
stationary transition-metal ions near the positive and nega- K, = IX, "n 2 P0  - K, exp(-AH,"/kT), (4)
tive electrodes, respectively. This effect was observed for where n is the electron concentration and Al," is the stan-
all transition metals studied: Fe, Ni. Co. and Mo. Assum- dard enthalpy of reduction associated with the formation of
ing that the same phenomenon occurs in our heavily doped doubly ionized oxygen vacancies. The notation is that of
BaTiO :Fe samples, we applied their analysis to our results Kruger and Vinki where the cross, dot, and slash super-
to obtain an approximate value for the mobility of oxygen scripts correspond to neutral, positive, and negative effec-
vacancies, uv, in BaTiO, given by tive charges, respectively. Tne electroneutralitv condition

dx/dt = u V/x, (2) in this regime is simply

where dx/dt is the rate of the color boundary movement, x is 2 [ ,, ] = n, (5)

the width of the untransformed region. and V is the applied where the atmosphere-controlled oxygen-vacancy concen-
voltage. This yielded a pt value of -3 X 10- cm-/\ sec at tration is much greater than the total Fe concentration.

-~128*C, which compares favorably with the 1.5 X 10-' cm-/ At higher oxygen partial pressures, however, the oxygen-
V see obtained by Blanc and Staebler2` for SrTiO., at 2000C.a bvacancy concentration becomes fixed by the total Fe concen-

The second effect of added Fe, which was noted during tration. depending on the stable valence state(s) present.
electrical poling, was a slight decrease in the Curie tempera- For every two Fei ions reduced to Fe +, one oxygen vacancy
ture evidenced by visual observation of the tetragonal-to- is formed, whereas for every Fe 2 * ion formed, one oxygen
cubic phase transition. More-accurate Curie temperature vacancy is generated. Consequently the condition of charge
measurements were performed using capacitance tech- balance requires that
niques on thin (100) slabs cut from high-purity, 50-. 500-,
and l000-opm Fe-doped samples. These samples were [Fej,, = 21',,'*'1 (6)
equilibrated at 800"C in oxygen partial pressures of 1. 10-2 ,
and 10` atm, and in each case they were subsequently when trivalent and tetravalent iron are present or

quenched to -175*C and slowly cooled to -12517 while the [Fe I + 21Feu,"I = 2IV,''1 (7)

ac capacitance (100 kHz) was monitored. In each case the
phase change was marked by a sudden plunge in the relativc at lower F',, here both Fe% and Fe ar present and are
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represented by FeT,' and FeT,", respectively. The relevant
ionization reactions are given by T

FeT," = FeT,' + e' (8) 0  sPspr 4- .

S~............
and ...........

FeT,' = Fe.,' + e'. ( )........

These reactions have the corresponding mass-action rela- '4? A

tions 1."ýF

S14 -
where Nc is the density of states in the conduction band
(F1.55 X I0n-' m-3), E, is the band gap of BaTiOK (1[1 ek and

EF.2- and EFe are the energy levels of Fe" and Fe4". re-
spectively, as measured from the top of the valence band. [2

The concentration of Fe ions in a given valence state is
related to the total Fe concentration through the mass-bal- I I I
ance equation -40 -20 0 20 40

FeTi1,,. = IFeTJ + IFeT] (12) Log [oxygen partial pressure (atm) I
Fig. 6. Calculated variations in the concentrations of Fe-*, Fe'.

and and Fe'* as a function of oxygen partial pressure at various Fe
concentrations for an equilibration temperature of 800'C.

IFeT],,,, = [FeT"] + [FeT'] (131

for oxidizing and reducing conditions, respectively.
The equilibrium defect model represented by Eqs. (3)- for low values of P0 _, whereas at higher values of Po,

(13) can be used to predict the relative concentration levels d log[Fe 4+]/d log P, - 1/4 (15)
of Fe 2 , Fe•÷, and Fe4" quantitatively for a given set of
annealing conditions and doping levels if values for the equi- and
librium constants K,", K 0 ', and KD" are known. The equi-
librium constants were determined by thermogravimetric
measurements,34.3.5 and high-temperature-electrical conduc- Similar manipulation of these equations with respect to the
tivity measurements,29-32 which give K," -2 ×X I0_- cm- total Fe concentration, [Felt,,. at a fixed Po., yields
Pal'-' and AH," - 9.6 x 10-' J. The ionization energies
were determined using thermogravimetry and Mossbauer d log[Fe 2 1/d log[Fel,], = 1/2 (17)
spectroscopy by Hagemann.: These results yielded values
for EF,- and E-,- of 0.8 and 2.4 eV, respectively. These and

values inserted into Eqs. (4), (10), and (11) and combined d log[Fe 4 'J/d logIFe],, = 3/2. (iS)
with Eqs. (6) and (7) yield values for [Fe 2-+, (Fe"+]. and

[Fe'* Ias a function of oxygen partial pressure and tempera- [Equations (14)-( 161 apply to the regions in Fig. 6 where the
ture. Results of such calculations for an equilibrium tem- concentration of a given valence state is changing and break
perature of 800*C and the total Fe concentrations relevant down as saturation is approached.] Note from Eqs. (17) and
to this study (0.3, 50, 500, and 1000 ppm) are plotted in Fig. (18) that the concentration of a given valence state does not
6. increase linearly with Fe content as one might intuitively

A number of important trends are illustrated in Fig. 6. expect. It is also notable that the Fe4* concentration in-

For each Fe concentration labeled at the left of the figure. creases rather rapidly with Fe content, as compared with

the three plateaus going from left to right correspond to Fe'".
saturation of the Fe ions in the divalent, trivalent, and tetra- The above defect model governs the changes in oxygen-

valent states, respectively, with increasing Po'. Note that vacancy concentration in addition to Fe valence. These are

Fe'" and Fe.'+ are the predominant species under the rela- plotted in Fig. 7 as a function of oxygen partial pressure for
tively oxidizing atmospheres encountered during crystal the same conditions as those in Fig. 6. Note that the oxy-
growth, whereas the Fe 2 ÷ concentration is extremely low gen-vacancy concentration is fixed over a wide P0, range by

(<l1' cm-) even for the highest Fe concentration and the Fe" concentration according to Eq. (6). At lower Po,
lowest P0 . encountered in this study (1000 ppm of Fe, 10'- values, however, Eq. (5) dominates Eq. (7), and additional
atm). The specific Po -dependent trends illustrated in Fig. oxygen vacancies are charge compensated by conduction
6 can be derived by combining Eqs. W41, l7), and 110 or Eqs. electrons, resulting in high electrical conductivity. Com-
(4l. (6). and 11) and differentiating with respect to log Po.. parison with Fig. 6 reveals that this intrinsic compensation
Performir: '., analysis yields mechanism takes over before substantial Fe 2- can be

formed. At high oxygen partial pressures, the oxygen-va-

d log(Fe"J/d log P, = -d log(Fe.'d log P, = 1/4 (14) cancy concentration reaches a plateau determined by the
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level of background impurities, which in Fig. 7 is determined 5 T
from the chemical analysis results in Table 1. An important
consequence of the trends illustrated in Fig. 7 is that oxygen 4 (a) E 11 C
vacancies can be ruled out as the donors responsihle for P(: )o
dependent changes in photorefractive properties because 3 7
their concentration is fixed over a wide Po, range by the _-
presence of acceptor impurities or dopants. E 2 5

Finally, although the above trends apply at room tempera-
ture, some care should be taken in applying the actual defect
concentrations shown in Fig. 6 to crystals at 25*C. In the Y-u' e
case of oxygen vacancies, rapidly quenching the samples 0

from 800*C effectively freezes in the high-temperature ionic I I
defect structure so that the concentrations in Fig. 7 should I
still hold. The relative concentrations of Fe2*, Fe', and "a 4 W(b) i
Fe4+, however, depend on the degree of ionization of defects §

.0lo
in the system, which is highly temperature dependent. On < 3
cooling, some deionization will occur, which, in the case of 750
holes, will shift the curves in Fig. 6 to lower oxygen partial 2

pressures, thus favoring the formation of higher oxidation
states. 1

Optical Absorption Spectroscopy 400 500 600 700 800 900
The variations in Fe valence governed by the above model Wavelength (nm)
were monitored by optical -absorption measurements basedwr monitod+ b Fig. 8. Measured optical-absorption spectra as a function of Fe
on the characteristic spectra of Fe- , Fe", and Fe in doping for as-grown crystals after mechanical poling: (a) Eparallel
BaTiO i. E-.cause no pubjished absorption spectra were to c, (b) E perpendicular to c.
available for melt-grown BaTiO:I:Fe, results for Fe-doped
SrTiO3 (Ref. 35) served as a guide to the interpretation of
our measured spectra. In SrTiO :2300 ppm Fe, Fe4 ÷ Perkin-Elmer Lambda 9 double-beam spectrophotometer.
charge-transfer bands have been associated with an absorp- Visible absorption spectra were measured between 380 and
tion peak and shoulder at 440 and 590 nm, respectively, in 860 nm on as-grown and annealed samples for light polarized
oxidized samples (Po., = 1-10-4 atm), giving them a reddish- parallel and perpendicular to the c axis. Automatic back-
brownish color. 35 Under more reducing conditions (Po , = ground correction compensated for the effects of matched
10--10-11 atm), Fe exists almost entirely in the trivalent polarizers and a 4-mm circular beam mask. The absorption
state, leaving the same crystals nearly colorless. Significant spectra of the high-purity sample and of those doped with 5,
amounts of Fe 2÷ are formed only in heavily reduced crystals 50, 250, 500, 750, and 1000 ppm of Fe were measured in the
(Po, < 10 -i,) and have been associated with a double band as-grown condition after mechanical poling, and the results
with peaks at 1030 and 825 nm, which cause the crystals to are shown in Fig. 8. In each case the absorption coefficient o

appear greenish in color."- was calculated from the measured transmission T according
Optical-absorbance measurements of our BaTiO :Fe sam- to

pies yielded similar results. These were performed using a = 12 ln( - R) - In 71/d, (19)

where d is the sample thickness and R is the reflectance,
. 22 which is related to the refractive index by

ST 800'C R = (n - 1)2/(n + 1)2 (20)
21 T:for the case of normal incidence.'-- Corrections for reflec-

""20 ppm Fe tance were made using Eq. (20) and the refractive-index
00 data of Wemple et ail. for BaTiO• as a function of wave-

S 90 500 50length and polarization.
'19- 1/ - In Fig. 8 the effect of Fe doping on the absorption coeffi-

cient of as-grown crystals is clear. The data for Elic and
ELc are given in Figs. 8(a) and 8(b), respectively. These
spectra are characterized by a broad absorption band, ex-
tending throughout the visible to the band edge, which in-

/17 Undoped creases with increasing Fe content. In addition, the extend-
o ed band edge appears to shift to higher wavelengths with

S 15, 11increasing Fe concentration. The EwLc polarization shows
"J -40 -30 -20 -10 0 10 20 30 40 the emergence of a well-defined shoulder at 620 nm for Fe

Log [oxygen partial pressure (atm)I levels greater than 500 ppm. The slight inconsistencies in

Fig. 7. Calculated variations in oxygen -vacancy concentration %er- the observed trends (i.e., the intersection of the 5- and 250-
sus Po for different Fe doping levels and background acceptor ppm data with the 50- and 500-ppm curves) were due to
levels in Table 1. scattering from residual 900 domain walls in the 5- and 250-
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Fig. 9. Effects of oxidation (Po =I atm. 800C'iand rinductin P. = 10-1 atm. 800*C) on the absorption spectra of BaTiO.: (a) high purity,
fb) 50-ppm Fe, (c) 500-ppm Fe. (di 1000-ppm Fe tE perpendLular to ci.

ppm samples, which increased the measured absorhance.
These inconsistencies were removed when electrical poling 0.6
was performed; however, not all the samples shown survived
this procedure. 0.4 -

A second set of samples from boules of high-purity. 50-. 0.2
500-, and 1000-ppm Fe were measured after annealing at E ee 3sE Theoreftcal 3/2 slope
800*C in oxygen (1 atm) and in 100 ppm of Ol'Ar 110- 1 atm , U 0O
respectively. Oxygen partial pressures were controlled by EC
using premixed Ar/0i gases and were monitor-I by using a o -0.2-

calcia-stabilized zirconia electrochemical oxygeo sensor in 04 4 0

series with the sample furnace. C"
Before annealing, the c faces of the samples were painted -

with platinum paste, and the crystals were mounted between

platinum sheet electrodes in adjacent spring-loaded sample -0.8-
holders. The crystals were heated slowly through the Curie
temperature (4-6*C/ht and then were heated to s(•°("C in 1 -1 0 1 2 3
h. Samples were annealed for equilibration time, based on Log [iron concentrotion (ppm)]
the bulk diffusion data of Wernicke'9 (-36 h) and subse-
quently quenched to just above 7T, (where the oxygen diffu- Fig. 10. Log o_. versus . glFel .. illustrating the trend toward the

sivity is negligible) in order to freeze in the high-tempera- theoretical 3 2 dependence at higher Fe concentrations where the620-nm shoulder an he resolved
ture defect structure. Quenching was performed by trans-

ferring the gas-sealed quartz-glass tube from the spill tube
furnace used for annealing to an adjacent turnace main-
tained at 17 05C. A field of 1000 V/cm was gradually ap-
plied, and the crystals were slowly cooled through the Curie ",
temperature (4-6*C/h) and then to room temperature be- -
fore removing the field. This procedure eliminated the need
for repoling after the high-temperature anneal. -

The effects of oxidation (1 atm) and reduction (10-1 atm) E -- - * "

on pure. 50. 500-. and 1000-ppm Fe-doped samples are .

shown in Fig. 9. Oxidation increased the height of the broad
visible absorption band, turning the more heavily doped C e

crystals a ctarker brown and the lightly doped crystals a -- •,..' - -
slightly deeper yellow or amber. The effect of reduction was -o -2
to reduce the height of the 620-nm band drastically. chang- Cz •Oxyger ;of t,:. pre~ssre o!- i
ing the heavily doped crystals from brown to yellow while Fig 11. P.. depw-ndence of the 62o-nm ahkirption coefficient
leaving the high-purity crystal almost colorless. 1Fe; I approachin- the predicted 1/4 slope with increasing Fe con-

An interpretation uf Figs. 8 and 9 can be ba-ed on the tent
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previous identification ot charge-transfer bands in SrTiO,: until saturation was reached. The results for the 500-ppm
and on the observed Fe concentration and Po.-dependent Fe-doped crystal are shown in Fig. 12 and indicate that the
trends. The broad absorption band in the visible would saturation diffracted-beam intensity dropped by almost a
then correspond to an Fe 4l charge-transfer band, with the factor of 10 when the crystal was oxidized *hile increasing
620-nm (2.0-eV) shoulder corresponding to the 590-nm fea- by a lesser degree when it was reduced. Similar results were
ture in SrTiO:I:Fe. The shoulder in BaTiO1: is shifted to obtained for the 50- and 1000-ppm samples.
slightly longer wavelength because of the differences in the Additional saturation diffraction efficiency measure-
crystal field. The analog to the 440-nm peak in the SrTiO! ments were performed on the as-grown and reduced samples
spectrum occurs at abborhance. ()ut of the range of the spec- in which the data were normalized with respect to the inci-
trometer for the sample thic•:tu se. used 13-4.5 mm) and dent intensity(1 0W/cm2) of the 633-nm readout laser beam.
probably explains the apparent shirts in the band edge with The writing beams in this case were of wavelength 488 nm,
increasing Fe content. with intensities I1 = 17 MW/cm 2 and L, = 870 UW/cm2 , and

Qualitatively, the interpretation above conforms well with were combined at an external angle, 20 = 270, by using the
the proposed defect model. In the as-grown condition the anisotropic configuration (grating vector K Lc). The dif-
Fe ions are present in both trivalent and tetravalent states, fracted-beam intensities were measured by an EG&G photo-
and the relative concentration of Fell increases with in- diode. All samples were copolished to identical thicknesses
creasing Fe content. This manifests itself as a nonlinear of 4.5 mm ± 3% to permit direct comparison of the results,
increase in the 620-nm absorption peak with increasing Fe which are shown in Fig. 13 as a function of Fe concentration.
content, as observed in Fig. 8(b). When the crystals are Two-beam-coupling measurements were used to deter-
oxidized, mors of the Fe3+ is converted to Fe 4+, and vice mine the sign of the dominant carrier and the effective trap
versa on reduction, resulting in the trends seen in Fig. 9. It density for the pure as-grown and reduced crystals. In these
is also significant to note that no absorptions corresponding experiments, the pump and signal beam (X = 488 nm) were
to Fe 2+ (825 nm in SrTiO3 ) were observed even for the most ordinary polarized with intensities of Ip = 150 mW/cm 2 and
reducing conditions investigated herein. This is consistent Is = 180 MW/cm 2, respectively, thus keeping the modulation
with the defect model's prediction concerning the low con- index m = 2 (IpIs)"12/(Ip + Is) small (m << 1) for compatibil-
centration of Fe2 + in these samples. ity with the standard photorefractive models.13.40 .41 Under

Quantitatively, the Fe concentration dependence and oxy- these conditions the coupling gain r of the two beams is
gen partial pressure dependence of the 620-nm absorption defined by the equation' 3

deviate somewhat from the Fe4+ concentration behavior Cos 6, Isp
predicted by the defect model, but the fit improves with r= lnI , (21)
increasing Fe content. Figure 10 shows that although the
620-nm absorption increases more gradually than predicted where aig
for Fe4 ÷ at low Fe concentrations, the 3/2 slope predicted by and without the pm bea sptiel oi the crysta

Eq. (18) is closely followed in samples in which the 620-nm

shoulder can be resolved (>500 ppm Fe). Similarly, the Po.,
dependence of the 620-nm absorption coefficient plotted in 20
Fig. 11 is low in lightly doped samples but approaches the
1/4 slope predicted for Fel" [Eq. (15)] in the 500- and 1000- 16 Reauced
ppm Fe-doped samples. C-

E 3V A sgltwr- 8- B IJTO500 p~pmFe

PHOTOREFRACTIVE MEASUREMENTS 8I-

High-purity and Fe-doped BaTiO.: crystals in the as-grown, 8- ..

oxidized, and reduced condition were characterized, using a 0 4 8 12 16 2• 4 2
variety of photorefractive techniques, and the observed T 4 8 (2 16 20 24 2e
trends were correlated with the variations in Fe concentra- T ime (minutes)
trenands waere orrelated with e the vrto inexpernmentrs- Fig. 12. Effects of oxidation and reduction on the diffracted-beam
tion and valence described above. In all the experiments intensity versus time for BaTiO:.:500-ppm Fe. Similar results were
described below, an argon-ion laser operating in the TEM~ o achieved for 50- and 1000-ppm Fe-doped BaTiO1j.
mode was used to write diffraction gratings in the samples,
and a He-Ne laser (X = 633 nm) was used to generate the
readout beam when required. All measurements were taken 0.25

at room temperature (T = 295 K). 0 >1 BoT0 3 : Fe
Saturation diffraction efficiency measurements provided

a preliminary estimate of the relative magnitude of the pho-
torefractive activity in the various samples. These mea-
surements were applied to high-purity 50-, 500-, and 1000- 0
ppm Fe-doped crystals in the as-grown condition and to As gon
samples from the same boules that were oxidized (Po. = I
atm) and subsequently reduced (Po. = 10-4 atm). In these o 200 00 600 800 1000 1200
experiments gratings with a spacing of 2 Mm (X = 514.4 nm, . Fe concentration (•pm)
20 - 140; grating vector lying in the plane containing the c Fig. 13. Saturation diffraction efficiency of as-grown (filled cir-
axis) were written in the samples, and the intensity of the cles) and reduced (open circles) BaTiO as a function of Fe concen-
diffracted readout beam was recorded as a function of time tration.
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20 materials properties of Bi, ISiO,, (Ref. 42) and BaTiO Retf.
0 • 13) and involves writing a grating in the crystal by using two

1.6 coherent plane waves, removing the writing heams, and
od e• flooding the crystal with a uniform erase beam. The decav

of the grating diffraction efficiency is simultaneously moni-
S2 tored with a low-power readout beam. When the modila-

E tion index of the fringe pattern and the absorption coeffi-
L-. 0.8- Bo~i ~gr Pur•'y -cient are small, the decay rate 1/T is generally in the form of a

Hg single exponential and is related to the grating vector K

OFRe ce through the equation'0.4- eue

1 = ph + at') 1 + (kTN,",'.\)K'1
00 51 10' 15 - L 1+LK- J", 2•

K (10 6 m-')

where 'Tph is the photoconductivity: ,it, is the dark conductiv-
Fig. 14. Beam.couplingT is the trap density as before: and the diffusion length
high-purity BaTiO.. The filled circles r, present the as-grown cry-
tal. the open circles represent the reduced crystal, and the solid line LI) is given by L, = PArkT/e, where p is the carrier mobility
is the theoretical fit. and rR is the recombination time.

The above experiments were performed for the case of
anisotropic diffraction."' The writing beams were of wave-

thickness; and 0, is the angle of the beams inside the crystal. length 488 nm, with intensities I, = 200 mW/cm 2 and , = 0.1
The gain of Eq. (21) can be expressed by'' mW/cm2. The erase-beam intensity, IE = 14 mW/cm', was

47rhn held constant throughout the experiment because decay
r = 1221 rates in BaTiO:, usually exhibit a nonlinear intensity depen-

rnX cos(8*) dence. The readout-beam intensity was kept less than 1
PW/cm 2. This readout beam (,= 633 nm) was chopped at a

where frequency of 1000 Hz, and the diffracted beam was synchro-

nously detected by using a photomultiplier tube and a lock-
bn r,,, (23) in amplifier. The output of the lock-in amplifier was fed to

an AT&T 6300 computer equipped with a Data Translation

and where n_. is the ordinary refractive index, r; is the acquisition board with the sampling rate set at 80 Hz. The

appropriate electro-optic coefficient, and E,, is the steady- grating decay data were least-squares fitted to a single expo-

state space-charge field, which has the form"' nential, and the decay rate, I/r, was calculated from the fit.
The measurements were repeated as a function of grating

mkT vector by varying the writing-beam angles.
,e K The decay rate as a function of the square of the grating

" I + (K K,,22 vector for the range of K values used is shown in Fig. 15.

When a value of 3600 is used for (,-the dielectric constant

in which k is Boltzmann's constant, c is the electronic appropriate for this orientation'--the theoretical fit gives

charge, and S-tK) represents the amount of electron-hole trapdensity values of (3.1 ± 0.3) X 101'cm-'and (3.3 ± 0.4)

competition. The term K,,- is related to the effective trap X 10•" cm- ' for the high-purity as-grown and reduced crys-

density NT by the equation' tals. respectively. These values are in good agreement with
those obtained from the beam-coupling results.

K,2 = e2,,T (25)
1001k_ _ _ _ _ _ _ _ _

where ( is the relative dielectric constant and j is the permit- BoTh03: Higr, Purity
tivity of free space. * As gro w

The beam-coupling data are plotted as a function of grat- o Reaued
ing vector K in Fig. 14. From the direction of beam coupling

it was determined that the charge carriers were positive for
both the as-grown and reduced crystals. Fitting these data 2 101

a-
to the above equations, we find that '(K) is fairly constant
over the range of K values used (P = 2-40°). Using a value of

150 for t, the dielectric constant associated with this crystal 0

orientation, 9 we find that the effective trap density is 12.9 ±
0.4) X 10-r cm-' and (2.7 ± 0.5) X 1011 cm-' for the as-
grown and reduced crystal, respectively. Note that within t0"o I
the limits of error. reduction had no effect on the measured K0 (11 20.2)
trap density of the high-purity crystals. Fig. 15. Light-induced grating decay rate as a function of the

Light-induced grating erasure rate measurements were grating vector squared for high-purity BaTiO in the as-grown

also used to confirm the effective trap densities in the pure filled circles) and reduced lopen circles' condition Becaute the
samples. This technique was used previously to determine theoretical fits overlapped, only one curve is shown (solid curve).
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102 c nearly sevenfold increase in the concentration of Fe"+, the
0 BOT:03 H rr observed photorefractive behavior of the high-purity crys-

tals is inconsistent with a model in which Fe' acts as the
0 trap site for photorefractive carriers. It appears, therefore.

that Fe is not the dominant photorefractive species in these
10' high-purity BaTiO:, crystals. Instead, these results suggest

that the photorefractive traps are associated with a defect

"0 As q .. whose concentration is independent of oxygen partial pres-

U o Re-.cea sure in the P0, range 0.21-10--4 atm. Possibilities for such
100 Po-independent centers would include barium vacancies or

102 . oxygen vacancies (see Fig. 7), but these conjectures require
-P further investigation.

C" Preliminary photorefractive characterization of Fe-doped

S. BaTiOG indicated little change in the saturation diffraction
£ £ -: efficiency of the as-grown crystals as a function of Fe con-

10 0 tent. Even the results for the reduced crystals, which dis-
played loser overall absorption and slightly higher efficien-

S ~ e• •,:. * cv, showed no systematic dependence on Fe concentration.

a z5 .•e e;: °o The large range of Fe concentrations spanned by the data in
a 50Ce,5educea Fig. 14, along with the associated variations in the Fe 4+/Fe '

oO .... I ratio given by Eq. (18), offered no visible improvement in
10-3 10-2 10 ¶00 properties.

Intensity ( W /cm 2 ) Although the above results seem to suggest that Fe centers

Fig 16. The grating diffraction efficiency decay time as a function are not responsible for the photorefractive effect in the
of ilie erase-beam intensity for as-grown and reduced BaTiO,: (a) doped crystals, it is important to note that the behavior ofhigh purity, (b) doped with 50 and 500 ppm ,,f Fe dpdcytli sipratt oeta h eairo

these samples was different from that of the high-purity
crystals. Figure 16 indicates that reduction affected both

The intensity dependence of the light -induced decay time the speed and the intensity dependence of the grating era-
was also measured for the above high-purity crystals as well sure process and that these varied as a function of Fe content
as for the 50- and 500-ppm Fe-doped crystals in the as- aswell. In addition, the observed decreases and increases in
grown and reduced condition. These measurements were saturation diffraction efficiency, which occurred on oxida-
conducted at a grating spacing of A = 2.8 Aim, and the results tion and reduction, respectively, are not inconsistent with a
are shown in Figs. 16(a) and 16(b) for the high-purity and model invokling Fe4 + and Fe' as the sources and traps of
doped crystals, respectively. These data show that, like the photorefract ive charge carriers. The interpretation of these
measured trap density, both the intensity dependence and data is complicated, however, by a large Pi. -at-pendent ab-
the absolute decay time remained the same in the as-grown sorption coefficient in the Fe-doped crystals. For example,
and reduced high-purity crystals. Note also that the addi- the observed decrease in saturation diffraction efficiency on
tion of large amounts of Fe decreases the speed of the crvs- reduction ma\ simpl\ he due to increased absorption of the

tals and that this speed is further reduced and the intensity writing beanim by nonphotorefractive processes.
dependence altered by reduction. To complicate the issue further, we have recently ob-

served evidemne of strong intensity-dependent absor'tion in
the Fe-doped crystals as opposed to the high-purity .ample.

DISCUSSION AND CONCLUSIONS which showed none. These observations have inhibited the

On the basis of the theoretical defect model for BaTiO.,:Fe interpretation of beam-coupling and grating decay measure-
and the observed optical-absorption spectra. it is apparent ments on the Fe-doped crystals, which will be presented

that Fe"' and Fe4 ÷ are the dominant valence states of Fe elsewhere in the near future. In addition, work is continu-
present in our samples in the P0 range investigated. Thus ing to expand the characterization of the crystals used in this

it is clear that the popular modelP in which Fe'+ and Fe-" are study to cover a wider oxygen partial pressure range in order

the sources and traps of photorefractive charge carriers does to clarify the role of iron centers in the photorefractive pro-

not apply in this case and that trivalent and tetravalent Fe cess in BaTi() further.
would be expected as the active photorefractive centers if Fe
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Determination of the origin of the centers responsible for the photorefractivle elfect III

BaTiO 3 is complicated by the presence of several competing effects including si inlat 1I fib)1-

torefractive scattering (commonly known as beam fanning). 1,2 anisotropic scattetiill" .

and photoinduced absorption. - 10 To better aid in modelling of these charge tranisport pro-

cesses, experimental methods must be employed that effectively de-couple these competing

effects.

The first measurements of the photoinduced absorption in BaTiO 3 were performed by

Motes et al 6 8 and Brost et al. 9 More recently. Pierce et al 10 showed that absorption grat-

ings could be produced in BaTiO 3 using a configuration that does not allow p)hotorhfract iV

beanm coupling. Using this method, these autors were able to determined the trap densitY

associated with the absorption gratings.

Iron has long been suspected as being the active photorefractive centers in IBaTiO:,.

Klein and Schwartz 11 found a good correlation between the iron concentration and the

photorefractive trap density in various commercial samples. Although these samples had

several impurities that could be photorefractive centers, the strongest correlation was with

the iron concentration. Godefroy et al 12 measured the diffraction efficiency ill 11 )olehl.

iron-doped samples and found a peak iiear 7.50 ppm. Previ ,sly. tle diffractionl cli(iCnvQ

and photorefractive speed of iron doped BaTiO 3 samples wcre reported by SchuneIuaIniII et

al. "3 More recently, we reported measurements of the photorefractive trap dens3ity in the iron

doped samples using the light induced grating erasure technique. 14 In this paper, we describe

a method of measuring photoinduced absorption effects using a configuration which is free

from photorefractive beam coupling, allowing accurate quantification of the plhotoinduced

absorption, .a.

The crystals used in our experiments were grown from a melt containiing high-purity

BaCO 3 and TiO 2 and extreme care was taken to minimize melt contamination by the furnace.

Spark mass spectrographic analysis of the pure crystals showed less than 0.3 ppm iron (see

Table for a list of the other impurities present). After growth of two high purity boules,

several iron doped boules were grown from the same melt using the conipositioll (.34 WX

BaCO 3 and 0.66 % [(1-x)TiO2 + (x/2)Fe2O3] where x is the concentration in pplm. Il these

experiments 50 ppm, 500 ppm and 1000 ppm concentrations were used. ('hernical anlalysis of

these boules indicates a segregation coefficient near unity (see Fahle ). At 1a-t t\wo) sa ilni)Ies
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from each of these boules were cut along (100) planes and theni mechianically and' elect ically

p)oledl. One sample was used as grown anid the other annealed at 800 UC IIiti ledliclillg oNV4 101

partial pressure of 10" atmospheres. For a m-o re complete description ofll( th vgow!ill aind

preparat~ion of these samples tlie reader is referred to Ref. 1:3.

Two problems associated withI photoinduced absorpt ion measurements are \VaQ-III~iNII(

effects anid nonuniform illumination along thle path of thle probe beami Noniiniforin 1)lotoUlit-

(luced absorption along the pathi of thle probe beam results when b)oth the pumlp an Irb

bea nis pass through thle center of the saiiiple. This causes the intensity of t he pump~j beaml

to Chiange alonig the path of t ltlwF hrt wni. Calculation of Aon would reqjuire a detailed

knowledge of the a nalytical equalt. ii, tdescribing the p)hototi duced absorption. which is t lie

unknouwn being determiined. NWr'IM1.'riii ihluiniii11at ion effects Canl be iuliliniiized by, two .i ii IeI

changes. First, a small diameter prob~e beani, approxIimately I mmn. is directed p)arallel to.

arid just below the cry-stal surfacc to be illuminated. Second, expaniding the dliam!eiter of the

purrip beam so that it Is much lai*rger* than the crystal to approximate uniforii; illuminiiation.

T eexperimental setuip sh own l jtl Fig I imii Ii niizes thI ese lproIbleis ill several w v..1S. Wave

minixuig effects are elimniiatedl by: ( I ) lim~iri two separ'ate laSer'S for tie pinupl1 aid ro1el(ali

;111d 12) ifltersec'tiii" the beamsi~ In till- N-'. I)IiIe[ of' tHe Cr\`-! I. whi1ch_ byV S\mliummiv1 *V lombids

becaml coupling. of the writimluý hi'Liiu' Ill Bld1 0:. iO(' smg I hi, se-t imp. (tis iaf)piOiiliatel'y

conLstant along the pathI of tile probe beamil. Filially. tilie imitl ~ty.I of' thle probe beami is kept

below I jAV/cni2 to minimize phmotoinduced ab~sorp~tion effects dlie to t lie p)robe Ibeani. Unider'

tiese conditions the 1)hoto- itdiced ( chianrge inl thle ab~sorp~tioim mmmeasu r( by tile Jprohe b~ea m.

isg-Iveri bv

(Wi 1ou p in pum

where L is the thickness of the crystalI parallel to the p~robe beani. Iicu t LP is tile tr'amis

mitted probe beam intensity wit 1101 thle 1)11nip lbeam presentI. ain 11(1~ i h~ LUll pu) ist Ilme inini ( hii

of thle probe beam with the punip beani p~resent. For these exper-imlents, the pumip source

wvas a :3-watt argon ion laser operatinig at 488 rim. The pumip becam was expantided anid co~ll-

mated using two lenses and passedl thiroughm a 1/2 wave plate a mmld at polarizer before cut licrng.

the cry-stal. The half wave plate allowed the intensity of the pupbeaml to be easilyv varied

b irInjly rotating lplatc.
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A second 100 mnW air cooled argon ion laser operating at 48S iiiii was tot Iti h, t,,'Iw

beam. This beam was expanded and collimated to a diameter of approxiuiiahtclv "I, , ,ii

directed through a polarizer positioned in a rotator, followed by another polarizer ,tlijýiird

along thc cr,.stal axis, and finally through a 1 mm diameter aperture. The intensity of the

probe beam was modulated at a frequency of 1000 H_ using an optical beam chopper. alil,

synchronously detected using a photomultiplier tube and a lock-in amlplifier. In all ofl tlit".r

measurements the pump and probe beam polarizations were the same. that is. both p)aralle!

to the a axis (cldinary polarization) or c axis (extraordinary polarization). The chaitjl,

in the absorption was measured at various pump beani intensities for both ordiizary ai•,

extraordinary polarization.

The results of these measurements are shown in Figs.2 and 3. The change in the ab-

sorption for the pure as-grown crystal is not shown since there was none detected at the

intensities used in this work. The rise time of the induced absorption was faster than the

resolution of our detection system, which was a few milliseconds. while the dark decay time

was on the order of 10-20 minutes. Because of this, the measurements started at I ie low

pump intensities and proceeded to the high intensities. After a run. the crystal wa., allowed

to return to the dark equilibrium conditions. As shown iti lie figures, the photlinduced

absorption Aca increases nonlinearly with intensity for all thie samples. However, since the

experiment was designed to minimize intensity variations across the crystal surface, very

high intensities were not achievable and we were unable to observe saturation.

As shown in table 3, both the absorption and the change iM the al-,sorption were foiund to

increase with iron content for a given polarization, pump beaiii inteniit\. awlid oxid, tioi ,tate.

Also, for any particular dopant level. the absorp)t iol ali tl e 1 lot • iidlu(ed a lm rl)t iojU 4-f tlit

as grown sample was always laiger than that of the reduced sam ipl, . fhe subliliear intenisitv

behavior of the photoinduced absorption resembles that of thle sublinear photoconduct ivih,

measured by Ducharme and Feinberg. IS The erasure rate of our as-grown samples was Pu'-

viously reported to increase sublinearly with intensity 14 and therefore seem to correspond to

the type B crystals discussed by Mahgereftreh. 16 Since the intenisit( dependewic of the hiio-

toinduced absorption and the photoconductivity are siniilar. it is likely that Thallow (Vel-.

as described in the models of Mahgereftireh '6 and Brost. 17 play a rolh in liTh phiothtoitittt

absorption. If the shallow acceptor levels were the source of the p)hotoivi'ucetil a lF,(tl ,t
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thein annealing a type B crYstal inreducing atmospheres. should result inpartial filling of

the shallow acceptor levels and thus a decrease in the photoinduced albsorptiloll. As shownl III

the figures and table :3. the crystals that were annealedl in reduced oxygen partial isprc-'ýmv

(lid show a decrease in the phlotoiflduced absorptionl.

In conclusion. we have performed photoinduced absorpi on mneasuremneit s on pii re aiid

Fe (loped samples of BaTiO 3 . Our.rsult show that: (1) there is a f)hIotoin~dIce(l af)SorfI)tio)ii

effect that i icreases withI thle :1(1 Oitii of' Iron, (2) thle ph ot oind uced abhsorpt ioninra

sublinearly with intens~ity. and (3) an nealinig tilie crystals iii reduced oxygen partial sie

lowers thle photoindluced absorpt ioll At presenlt it is not clear if tile charge centers respoillsi Lo

for the photoinduced absorption are duec to Iron. or if the charge compensating defects. swh a,;

oxy gen vacancies or Fe-oxYgen vacancy complexes are thle cause. Further experimentIl, sii'hi

as correlation of the E PR spectra withI thle fphot.orefract ve trap (lensity and pholiu nd(ucm I

abhsorpt ion, would be needed to clari-fy thle exact lia t u H of t lie phmot oref ract iv\~cemi
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Tables

Table 1: spark-Source Mass Spectrograplic Analysis of Liuuped

BaTiO 3 . After Ref.( 13)

Element Level (ppm) present
in BaTiO 3

W<2Na" < "2

AV .,+ 0.5

Si-1+ 4
P.5+ 0.05
S1- < 2

CI- 10
K- <0.1
Ca 2+

C_'r 3.2+ <0.02
.\1I23i+ <0.02
Fe2"3

.4+ 0.3

A~s.:+ 0.1
SrI2+ 50

Table II: Chemnical analysis of tHie I ,aT'1103 samples. Aflter Net'.( 13)

.-\toniic absorption ( Northern A\ nalyt ical).

6 S•jark-source mass spectrometry ( Northlrn Analytical).

Iron Doping Level Iro.0 Level in BaTiO 3

added to the Melt (ppm) Crystals Analysed (ppji)a

0 0.31
50 49
500 5:30
1000 9,.',0
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Table Ill:The absorption coefficient at 488 nm was measured using a Perkii--LlInwer

Lambda 9 double beam spectrometer. The photoinduced absorption data is gixem at a

laser intensity of 0.5 W/cm 2. All of the data is for ordinary polarization.

Fe Concentration Absorption (crn- T ) .Ao (c-l')
As Grown Reduced As Grown Reduced

Pure 0.53 0.47 - 0.11i
50 ppm Fe 0.76 0.66 0.7 0.31 1
500 ppm Fe 1.73 0(1 1.1 0.!)
1000 ppm Fe I.2'1 1.05 1.05

I PMT

SiAperture [ Argon Laser
C Axis Polarizer

Q

Crystal

Polarizer Half wvave

Beam Plate
Chopper Polarizer

\*[]---]Argon Laser

1. Setup used to study photo-induced absorption.
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-1I I li

BaTi%3: Pure A AA
< 10 ReducedA
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0A

S(a) A
0 A

UA
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0W -2
0 10 , ,111 1 I 1 11 111

-2 -1 0
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o -o~ soA-
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0 A A Reduced
0 A A Ordinary

0 -d2j I A A Extraordinary
o 10 I t IliH I I IItittl I 1111111l
0.1
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Intensity (W / cm2 )

2. The photo-induced absorption in BaTiO 3 plotted as a function of the pump beam

intensity for (a) pure and (b) 50 ppm Fe.
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E ~ ~ii t t1 t 1 I I I t-o••
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10 " 00 Ordinary
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"0A

A Reduced
-V A Ordinary
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Intensity (W / cm 2)
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E 0 -- BaTiO 3 : 1000ppm Fe

(b) 0 A A0,
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A 0 oExtraordinary -
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3. The photo-induced absorption in BaTiO 3 plotted as a function of the p!imlp beam

intensity for (a) 500 ppm le and (1j) 1000 pp)mn F".,.
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5 Intensity Dependent Photorefractive Proper-
ties of BaTiO3
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We have used the light-induced grating erasure technique to measure the photorefractive
properties of pure and iron doped BaTiO 3. Our experiments were performed using an
anisotropic configuration which forbids beam coupling and self-diffraction between the
writing beams, resulting in plane parallel intensity fringes that do not change with time. This
allowed direct measurement of the charge transport processes without any feedback on
the grating due to wave-mixing processes. The results from these experiments show that the
photorefractive parameters known as the trap density NP, and the mobility-recombination
time product tsr,, vary with intensity and are not material constants.

I. INTRODUCTION NA - ND. These unfilled acceptors are assumed to be avail-
Tephotorefractive properties of BaTi 3 and other able to be redistributed by the light among all the acceptorThe levels. ffthetapliedrinensitysptternai in thedormtofr

photorefractive materials, have been studied by a number levels. If the applied intensity pattern is in the form of a

of researchers using a variety of optical techniques. '1 sinusoidal fringe pattern

Many of the experimental results are found to be described I(x) =I0[ I + m cos(Kx) ], (1)
by the hopping model' or the band transport model.7 One
method for optical characterization of photorefractive ma- where m hargeadisthesptia y o te fings,
terials is the light-induced grating erasure technique., Us- the resulting charge distribution may also be sinusoidal.
ing this technique, Feinberg found that the grating spacing For this case, the charge transport solutions of Kukhtarev7

dependence of the photorefractive gratings in BaTiO 3 was and Feinberg' both predict an exponential response for the

well described by the models," 7 and could be used to de- photorefractive gratings given by
termine the photorefractive trap density Npr. Mullin and 1 aph I+ (ekT/e3Npr)K 2

Hellwarth performed similar experiments in Bi, 2SiO 20  'e\ 1 I + (rskbT/e)K2 '(2)
(BSO) and showed that the technique could also be used
to determine the mobility recombination time product where

,tlr,.s However, Ducharme and Feinberg found that the ep.,[ (s/hv)I 0 + ftj (NA - ND)
photoconductivity of BaTiO3, determined from the light- eP [ (3)
induced grating decay rates of photorefractive gratings, ,ND ,(3)
varies nonlinearly with intensity.! More recently, Brost et is the photoconductivity, ju is the mobility, y, is the recom-
a. found that their beam coupling data showed that the bination constant, v is the light frequency, s is the photo-
photorefractive trap density in BaTiO 3 varied with inten- ionization cross section, h is Planck's constant, 0, is the
sity. thermal generation constant, e is the static dielectric con-

In this paper we report the results of light-induced stant, kb is the Boltzmann constant, T is the lattice tem-
grating erasure measurements on pure and Fe doped perature,
BaTiO 3 using anisotropic gratings that do not allow beam
coupling or self-diffraction between the writing beams. The I, l/(V,Nr), (4)

results show the photorefractive parameters known as the is the recombination time and
trap density Np, and the mobility recombination time prod- Np, =ND (5)
uct ,J-, are functions of intensity.

is the photorefractive trap density. The only intensity de-
IL. THEORY pendence in Eq. (2) is the photoconductivity, given by Eq.
A. Photorefractlve response time (3), which is predicted to be linear in intensity. Also, Eqs.

. ie r(4) and (5) give the mobility recombination time product

Consider the band transport model of Kukhtarev in and the photorefractive trap density as material constants.
which there are donor and acceptor levels in the band gap
of the crystal. For this example, we have chosen (i) the
acceptor density to be larger than the donor density,
NA > N&, and (2) the transport is dominated by hole B. Anisotropic diffraction
conduction.! If all the electrons from the donors arc trans- For the experiments reported here anisotropic gratings
ferred to the acceptors, the density of unfilled acceptors is were used. That is the grating vector lies in the x-y plane of

"Present address. Department of Physics and Astronomy. Louisiana State University, Baton Rouge, LA 70803.
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FIG. I Beam geometry illustrating (a) wnting and (b) readout of an FIG. 2. Optical system used for light-induced grating erasure as a func-

anisotropic photorefractive grating in the x-y plaric In (a) the writing tion of grating vector K.
beams A, and A, intersect in the crystal producing a photorefractie
grating with a wave vector K = k: - k, In (b) an extraordinarN pu;&r-
,zed readout beam R scatters into an ordinan polarized beam S. where
K k - kR sin (aR) = si--n() 0) (8)

and
the crystal.°'10  One of the advantages of anisotropic dif- sin(as) = [n -- n2 + sin'(aR) 11/2, (9)
fraction is that there are certain configurations in which i 1

gratings can be produced with no beam coupling or self- where aR and as are the angles outside the crystal of the
diffraction allowed between the writing beams. 2 For two extraordinary polarized readout beam and ordinary polar-
waves intersecting in a photorefractive crystal the amount ized scattered beam measured from the surface normal, no
of coupling or self-diffraction between the writing beams is and n, are the indices of refraction at the readout beam
proportional to the effective susceptibility. "• wavelength, 0 is the angle of the writing beams with the

surface normal, and A w and AR are the writing and readout

'ef= ( '2)[ 2 ?o- ,oE R -) i 1,, (6) beam wavelengths.

where • and • 2 are the polarization vectors of the writ-
ing beams, 2 R and 2 s are the polarization vectors of the III. EXPERIMENTAL METHODS
readout and scattered beams reyectively, ? 0 is the second A. Light-induced grating erasure
rank optical dielectric tensor, R is the third rank electro- The light-induced grating erasure technique involves
optic tensor, and E is the space charge field. If the twowaves interfere in the x-y plane of 4 mm syvmmetry BaTiO• writing a photorefractive grating in the crystal with two

coherent plane waves, then removing the writing beams
as shown in Fig. 1(a). the effective susceptibility is zero 1.4

when the polarizations of the writing beams are both ordi- an ing te ryta uniorm ly with anaryor othextaorinay. 2 Inthi cae, he eedack The grating decay rate is simultaneously monitored with an a r y o r b o th e x t r a o r d in a r y . 12 I n t h is c a s e . t h e fe e d b a c k l o p w e ( I 1 W / m r a u t b m i n d n t t t h
between the charge transport processes and the wave dif- low power
fraction processes is eliminated, resulting in intensttT Bragg angle.
fringes that are parallel planes and that do not change with The optical setup used for the light-induced decay rate
time. Thus for very small modulation, m,<l. the solutions experiment is shown in Fig. 2. In this setup an argon ion

derived by Kukhtarev' and Feinberg.1 are %ery close to the laser was used for the writing beams and the erase beam.
"ao As shown in Fig. 2. a beam splitter labeled BSI. was placed

actual experimental conditions. Since the feedback from just after the laser to produce two separate beams that were
the wave-mixing processes on the charge transport pro- expanded and collimated using spatial filters. The beam
cesses of grating formation has been elinimated, each can reflected by BSI1 was used as the erase beam. This beam
be studied independently. This is therefore an excellent rected by mi r M I the erose be t er of- was directed onto mirror MI then through the center of
configuration for the measurement of photorefractive pa- the crystal mount with the line between M I and the crystal
rameters.

Equation (6) does a;low anisotropic diffraction to oc- mount defining the system axis. The intensity of the erase

cur for readout of this grating. In this instance, the effective beam was varied using a rotating half wave plate followed
susceptibility is by a polarizer. The beam transmitted through the beam

splitter BSI was directed through the second beam splitter

ef= ( •"~ 2:)[ •( - oE, k " o) -. ] (7) BS to produce two writing beams. These beams were di-

rected symmetrically about the system axis. Optical table
where ; ) and .s are the polarization vectors of the read- rails were mounted parallel to the two writing beam paths
out and scattered beams. For a negative uniaxial crystal the with mirrors mounted on each rail to redirect the beams
phase matching angles for anisotropic diffraction as shown onto the crystal. The rails were calibrated to allow accurate

in Fig. 1(b) are given by' angular measurements. The intensity of one of the writing

6668 J Appl Phys .Vol 67 NO 11, 1 June 1990 -7 Temple. Hathcock, and Warde 6668



beams was varied using rotating polarizer followed by a 9. to I I•• kUTi03 :A.-G
fixed polarizer. This was necessary to ensure that the mod- 0 o ,
ulation index was small m(l. ! .o WpmF,

For BaTiO 3, phase matching for anisotropic diffraction • / M -.
is limited to an angular range of 3"<a;20" for 488 nm

writing beams and 633 nm readout beams, where a is the -4.(

incident angle of the readout beam outside of the crystal. t
We note here that extreme care must be taken so as not to -• -o--

,r _ _ -- ,,-
confuse higher diffracted orders which are easily observed . -

in the anisotropic configuration in BaTiO 3.- 4 Also, we -
found that small shifts in the position of the erase beam in £ 0.0 •L -I I I
the crystal caused significant variations in the decay rates. 0.0 0.1 0.2 0.3

Therefore, the crystal and the erase beam were not moved Intensity (W/cm 
2 )

during the experiments.
A HeNe laser was used to readout the gratings (see

Fig. 2). This beam was expanded using two lenses and the
intensity was varied using a rotating polarizer followed by • 2.0

a fixed polarizer. The beam was directed along the optical T
rail by two mirrors and modulated by a beam chopper at a / SO so F,

frequency of 1000 Hz. The readout beam angle could be E - P."
varied by moving a mirror along the rail and redirecting
the beam to the crystal. The diffracted beam was synchro- f o0
nously detected using a photomultiplier tube and a lock-in • .(
amplifier with the output of the lock-in captured by an
AT&T 6300 computer equipped with a Data Translation ---
data acquistion board. The sampling rate was set at 80 Hz • - - - -
and the grating decay rates were found to be well fitted by 0.0 ---- - ,- -- 1

a single exponential. Also, a 633 nm interference filter was 0.0 0.1 0.2 0.3

placed in front of the photomultiplier tube to eliminate Intensit (W/cm 2)

bleaching from the argon laser.
A typical measurement was made as follows: First FIG 3. Intensity dependence of (A) the trap density and (B) the to-

shutter SI was opened and any gratings present in the bility recombination time product in as grown BaTiO,. The dashed lines
are quahitatise guides.

crystal were erased. Shutter Si was closed and shutter S2

opened allowing the writing beams to intersect in the crys-
tal forming a photorefractive grating. This grating was reagent grade BaO. This sample will be referred to as nom-
monitored by measuring the diffraction of a HeNe beam inally pure since it was grown from the type of feed mate-
incident upon the crystal at the Bragg angle. Eq. (8). rials commonly used in the growth of BaTiO,. For a more
When the diffraction efficiency reached saturation, shutter complete description of the growth and preparation of
S2 was closed and simultaneously S1 opened. erasing the these samples the reader is referred to Ref. 15. Beam cou-grating. After three or four decay times were measured, the pling measurements indicate that all the crystals exhibited
angles of the writing beams were changed and the mea- p type conduction."
surement repeated. After one complete scan of the angular
range was finished, the erase beam intensity was increased
and the measurement repeated. The writing beams, and the IV. RESULTS AND DISCUSSION
erase beam were ordinary polarized for all the measure- The decay rate versus grating vector data w fitted to
ments reported here. Eq. (2) for each erase beam intensity, and the parameters

B. Sample preparation known as the photoconductivity aph, the photorefractive
trap density .\p, and mobility recombination time product

The crystals used in our experiments were grown from Pr, were calculated from these fits. The results are plotted
a melt containing high purity starting materials and ex- in Figs. 3, 4, and 5. The decay rate of the 1000 ppm crys-
treme care was taken to minimize melt contamination by tals showed nonexponential behavior and was not suitable
the furnace. After growth of two high purity boules, se'- for this type of analysis.
eral iron doped boules were grown from this melt at the The plots shown in Figs. 3 and 4 indicate that, for a
concentrations 50, 500, and 1000 ppm in the melt. Samples given crystal, the trap density and the inverse of the
from each of these boules were cut along (100) planes and mobility-recombination time product have very similar in-
then mechanically and electrically poled. One sample from tensity dependencies. Since it is unlikely that the mobility
each doping concentration was annealed at 800 "C in a is intensity dependent this would seem to indicate that the
reducing oxygen partial pressure or 10-4 atm. Another sam- trap density is related to the recombination time as in Eqs.
pie was prepared from a melt containing pure TiO2 and (4) and (5). This behavior was found for all the samples
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Anisotropic scattering in photorefractive crystals
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A well-defined ring of anisotropicallv scattered light is observed when a linearly polarized laser beam is incident
upon a birefringent photorefractive crystal such as BaTiO1, LiNbO3 . and LiTaO1j. An analysis is presented that
accurately predicts the cone angle, plarization. and the location of the discontinuities in these rings. Unlike the
photovoltaic model proposed recent I% v (others, the analysis presented herein is based on the standard photorefrac-
tive theory and is independent of the photovoltaic activity of the crystal. The analysis also illustrates the strict
phase matching and electro-optic tensor symmetry constraints that must be satisfied in order to observe beam
coupling and normal and anisot ro•pi self-diffraction. Preliminary experimental results are presented for BaTiO)
and LiNbO. and are found to be in extellent agreement with standard photorefractive theory.

INTRODUCTION THEORY
Anisotropic scattering of a linear, ordinary polarized laser Consistent with standard photorefractive theory, we consid-
beam into a conical ring of extraordinary polarized light was er the holographic recording system shown in Fig. 1 in which
recently observed in LiTaO:t:Cu.' A theory based on the two plane waves 9 1(r, t) and -_(r. t) with wave vectors kI
photovoltaic effect has been advanced to explain this phe- and kl., interse't in a photorefractive crystal. The steady-
nomenon. It is claimed that the ring is a result of scattering state plane-% a'e fields are of the form
from noisy dynamic gratings that are formed by photogal- p
vanic currents in this material.' 61r. 0 M (r) expli(k • r - wt)I + c.c.,

In contrast, we show that standard photorefractive theory where A, u,. and b are the wave amplitude, frequency, and
can explain the cone angle, polarization, and the location of polarization vector, respectively, of the beams. The intensi-
the discontinuities in the anisotropically scattered diverging ty pattern of the interfering beams induces a space-charge
rings of light that have been observed in BaTiO and doped electric field E., by the photorefractive effect with the same
LiNbO1 and LiTaO:. spatial variati n as the fringe pattern. That is. ignoring the

Standard photorefractive theory shows that (a) the con- spatial dc bias, we have
figuration most often used for wave mixing in photorefrac-
five materials (which we shall refer toas the tandardconfig- E = Eo,"r .,1 A -A expll4K, r + q,)l + c.c., (2)
uration) does not give rise to anisotropic diffraction and that I i,,
1b) the interaction geometry that gives rise to anisotropic
gratings in birefringent crystals is such that the c axis does where r is the eisition coordinate. E = EiA is the dc compo-nent of the space-charge tfield,". Ia = 1.41[2 + [AU-, K = k•-
not lie in the plane containing the grating vector K and the k, is the grating vector of the fringe pattern, and P is the
propagation vector kR of the readout beam. We shall refer k a is be t wn v etor cefcharge field and th i sityto te seciic cnfiuraionin wichthec ais i pepenic- phase shift between the space-charge field and the intensity
to the specific configuration in which the c axis s perpendic- fringe pattern. The magnitude of p depends on the specific

In the anisotropic configuration, we further show (1) that charge-migrat ion processes in the crystal.6s The change inbea cthe andsot c cono igurmalself-dction, aurther srhio in tthe susceptibility induced by this space-charge field is givenbeam coupling and normal self -d iff~ract ion are forbidden in b
some crystals for certain polarizations of the writing beams byM
and (2) that anisotropic self-diffraction of the writing beams E, = -f •. E, , (3)
can occur only for specific grating periods and specific write -

light polariza',n. where • is the third-rank electro-optic tensor and is the

Finally, we report a set of preliminary experiments on second-rank optical dielectric tensor. Using Eqs. (2) and
BaTiO 1 and LiNbO:Fe that confirm that the rings are ade- t;M. the change in the susceptibility can be written as

quately described by the standard photorefractive theory. A*,A,
The standard model was previously employed to explain AN = ,Ni, f - -;fl expli(K r + &) + cc., 14)

anisotropic diffraction from holographic gratings in LiNb-
0,:Fe (Refs. 2-4) and BaTiOi.,` but the conditions that per- where
mit grating formation without beam coupling and the obser- - E (5
vation of anisotropic scattering into ring segments were not
reported. Nm consid(.r readout of thi- ph,-t- gratiing hv a plane
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Xet R= ( • '.,) ., • A)c • (10)

Based on this special form of ),.. it must be emphasized that
with (jI* • ..) - 0 it becomes possible to write an anisot ropic
grating that exhibits no isotropic self -diffraction or two-
beam coupling between the writing beams . -•"= 01.

Specific examples are given in the section that follows.

2 SYMMETRY PROPERTIES OF THE COUPLING
COEFFICIENT

Standard Configuration
In the standard configuration, the c axis is coplanar with
both the grating vector and the wave vector of the readout

Fig. i. Setup for recording phase hologram, in a photorefractive beam. That is, the c axis is parallel to the x axis of the
crystal. coordinate system, as shown in Fig. 2(a). The nonzero ele-

ments of the electro-optic tensor can be found in Ref. 9.

wave of frequency ,'H. Using the slowly varying field ap- osing these in Eq. (5), we find that bo for the standard
proximation." we can derive the following coupled-wave configuration hasthesameformforthe4-mm. 2-mm, and3-
equations for the incident and diffracted readout beams (see m crystal classes. That is,
F ig . 2 ): 6X 1 2 0

M! /44- 6. (6I01 --e, S. = X 6
)(2 1 

6
X2(

0 0 6X)33

DS • _ A,A'g2
= -c"Se' -!. t,,R. (6b) Since hxc., = A•:= . = fcx:1,c = 0, it follows from Eq. (8)

S(/that ordinary waves (z polarized) cannot couple to extraordi.

where R and S are the wave amplitudes of the incident and nary waves (x -N polarized) and vice versa fi.e., anisotropic
the diffracted readout beams, respectively. Here, the cou- diffraction is forbidden). Since the diagonal elements of
pling coefficients t and A5 are given by this tensor are nonzero, conventional-polarization isotropic

beam coupling is allowed.
1r X•,ff - 7r)(o (j

A 1nHR cos OR 1s-is\s cos ok Anisotropic Configuration

In the anisotropic configuration, the c axis is perpendicular
where Xt = X•. is the wavelength of the readout and the to the plane containing the grating vector and the wave
diff racted beams,. Y. (tit. and ( are the indices of refrac- vector of the readout beam. That is, the c axis is oriented
tion and the internal angles of the incident and the diffract- along the z axis of the coordinate system, as in Fig. 2(b). In
ed readout beams, respectively, and the effective suscepti- this case ,) has the following forms:
bility Xtl is given by For :-m svmnmetrv

= ( • Alb l - (8 • 4.
where PI and i.. are the polarizatio nl vectors of the writing E- c o,, n(. I r n12)

beams and ýg and i,. are the polarization vectors of the --
incident and diffracted readout beams. respectively. We
have also assumed that the phase-matching condition

K =kl?- k, (9k1
x x

is sat isfied.
Therelore. in order for diffraction to be observed, general-

1%, two conditions must be 'simultaneously 'vSatisfied: 1a) KC9K
phas.e matlching IEq. 19I1 and (bh x,bt must be nonzero IEq. /----.. y
I.•II Fur the special case of' anisotropic diffraction, the - y

,.vnilnetrv' ut the ,*x tensor must be such that x,i is nonzero

\%hen ;'-,. and ý., are orthogonal. and the refractive indices R R S
c\ pt-ritilt-lT 1) *v k ,,. and k . mnu t perm it the phase-m atching
,.,ndiiollni ts II-.-atislit-d. It should he noted that beam (a) C b
Optlpling and -t (ll-dittr,,.t wn ar- al-ko described hy LEq. () 'igc.2. tOrientat i unii,,the caxis relative tI the coordinate sysem of

.11, ilh t.- -iubstitution hl = .. = AR= ,: N =i'" = -. and .\, = Fig. I h-r im the -tdiadard configuration and 0bi the anisotropic

111 0 .4 In %Ii- t.i - get 52 ,tnigt uratitn.
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kE1 k0E
(a) (b)

Fig. ,. (a) Wave-vector diagram for readout of an anisotropic grating of wave vector K in a negative birefringent crystal. (b) Wave-vector dia-
gram illust rating anisotropic self-diffraction otfext raordinary polarized write beams k,, into ordinary polarized beams k, Iof -I and + 2 orderst
in a negative birefringent crystal.

For 4-mm symmetry From the phase-matching condition [Eq. 19)1 it follows
that diffraction of an extraordinary readout probe beam of

10 0 cos , wavelength X, into an ordinary beam is allowed in this crys-
= -En,, 2-n,2r,1 0 0 sin ) (13) tal when

,cos 3'sin 1, 0/

For 2-mm symmetry sin i [',, X sin] (16)

/ 0i 0 AR1 W~i I

2 2. r-,owhere -R' is the external angle of incidence of the readout,X = -En,,r..-i 0 0 r,2 sin , (14) probe beam measured from the N, axis and it• and Iis are the
r.,I cos -y r4., sin -,y 0 indices of'relraction of the crystal at XR. Additionally, the

where n,, and n,. are the ordinary and extraordinary indices external angle '.. ofthe diffracted ordinary beam is given by

of refraction, respectively, and -y is the angle that the grating
vector K makes with the x axis. Since in each of these cases Si = m -q2 ,7. - sin-2 R•`] i2, (17)

")X ,I x i .hX2 , and 2 are nonzero, it follows that for all
three crystal classes anisotropic diffraction is allowed when This phase-miatching condition is also illustrated by the
the phase-matching condition [Eq. (9)] is satisfied. That is, readout wave-vector diagram shown in Fig. 3(a). From reci-
diffraction of an ordinary wave (x-v-polarized) into an ex- proc'it., an ordinary polarized probe beam incident upon the
traordinary wave (z-polarized) and vice versa is possible. gIrating at an ;amgle i', can diffract into an extraordinary
However. since the elements along the main diagonal of the beam at an external angle oH. To describe positive birefrin-
tensor are identically zero in the 4-mm and 2-mm crystals, gent crystals, one simply interchanges q,, and qt, in Eqs. (16)
coupling between the writing beams (ordinary or extraordi- and ( 17).
nary polarizations) is forbidden. Additionally, since 6x:•j) is Equation ( 1t- can also be used to describe anisotropic self-
the only diagonal element that is zero in 3-m crystals [Eq. diffraction of an extraordinary beam into an ordinary beam
(12)1, only coupling between extraordinary writing beams is and vice versa. With the substitution ,\R = Aw and OR = 11,
forbidden in this case. the external Bragg angle for anisotripic self-diffraction into

a - I order and a +2 order becomes
Phase Matching
Ti) illustrate phase matching in an anisotropic photorefrac- ("2- 2 2
tive grating, we consider a grating formed in a negative sin . = .18)
birefringent (no > nE) uniaxial crystal using the anisotropic 2"

configuration of Fig. 2(b). For gratings written with two
beams, each of which makes an external to' with the Y axis, This indicates t hat only extraordinary beams can experience
the grating vector is given by anisot ropic sell--diffraction in negative birefringent crystals

Iby the standard photorefractive effect. This fact is con-
K = 4- sin 1 'x, (13) lirmed bY the \%ave-vector diagram of Fig. l•(hb that illus-w s t rates. how the phase-matching condition is satisfied for an-

iet rpt~io sell-diltramtion of extraordinary polarized beams
where ,\A is the wavelength of the beams. In I negat i\(- tiiuixiial crystal.
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extraordinary beams is allowed in BaTiO.3 when the phase-
Ba T103 matching condition [Eq. (9)1 is satisfied [see Eqs. (8), (13),

and (18) and Fig. 3(b)]. For 488-nm writing beams (n,. =
El 2.45 and n,, = 2.53),i0 the Bragg angle calculated by using Eq.

-0--p (18) for anisotropic self-diffraction into a -I and a +2 order
is 12.50. Experimentally, both writing beams were observed
to undergo anisotropic self-diffraction at an input Bragg

C angle of 12.50. with a diffraction efficiency of approximately
C 257( in the -1 order and less than 1% in the +2 order. From

- c Eq. (18), it follows that there would be no anisotropic self-

Fig. 4. Anisotropic scattering of an extraordinary polarized beam diffraction in BaTiO 3 for ordinary polarized writing beams,
incident normally upon a BaTiO:t crystal. Strong forward scatter- and none was observed. Similar results for anisotropic self-
ing into a ring of ordinary polarized light with discontinuities along diffraction into the -1 order were reported recently by
the c axis is illustrated in the photograph. Kukhtarev et al.5

We have also observed anisotropic self-diffraction when
EXPERIMENTAL RESULTS one of the writing beams was an ordinary wave and the other

was an extraordinary wave. In this case only the input
Anisotropic Gratings extraordinary beam was observed to scatter weakly into a -1
Anisotropic gratings were produced in single crystals of Ba- order. Since the Bragg angle was the same, 12.50, and we
TiO=: and doped LiNbO: by using the configuration of Fig. measured a 1% depolarization in the transmitted beams, we
2(b). Both writing beams of wavelength 488 nm had an conclude that both writing beams experience depolarization
intensity of 30 mW/cm" and were incident symmetrically in the crystal, allowing them to interfere and write an aniso-
about the a axis of each crystal at an angle H. tropic photorefractive grating.

Normal coupling between the writing beams was not ob-
served in BaTiO•3 for either ordinary or extraordinary polar- The Rings
ization over a wide range of incident angles. Examination of When a single extraordinary (c-polarized) laser beam was
Eqs. (8) and (13) for the anisotropic configuration shows incident upon the front surface of the BaTiO3 and LiNb-
that for BaTiO.j (4-mm symmetry) x.ff is zero when eR and &s O.:Fe crystals, a well-defined diverging ring of scattered
are both ordinary or both extraordinary, and hence beam light polarized perpendicular to the c axis (ordinary beam)
coupling is indeed forbidden. was observed, in each case, leaving the back face of the

In negative birefringent BaTiO3 , the indices of refraction crystal. The intensity in the ring was found to be maximum
at 633 nm are n,, = 2.36 and n,, = 2.42.o For a grating in the direction perpendicular to the c axis and zero along
written with 488-nm light atan incident angle of 20° (grating the c axis, as shown in the photograph of Fig. 4 for the
spacing A = 0 .7 Mum), Eqs. (17) and (18) predict a Bragg angle BaTiO:. crystal. The ring generated by the LiNbOa:Fe crys-
of 17.2' and 24.70 for extraordinary and ordinary 633-nm- tal was much weaker than that produced by the BaTiO3
wavelength readout beams. The corresponding measured crystal. We believe that the rings are formed by diffraction
Bragg angles were 17.50 and 24.50 for extraordinary and of the incident beam from noisy anisotropic gratings that
ordinary beams, respectively. The intensity of the 633-nm satisfy the phase-matching condition for diffraction into -1-
readout laser beam was kept at 0.7 mW/cm 2 for all polariza- order beams. These gratings are a subset of those produced
tions used. Both the ordinary and the extraordinary read- through interference between light scattered from optical
out beams were observed to have the same diffraction effi- imperfections in the crystal and the incident beam.
ciency 1-201. [ For simplicity. consider this process in the a-b plane of the

As shown by the theory, anisotropic self-diffraction of crystal [Fig. 5(a)!. The incident beam k, scatters in many

ky ky

Y, A- kt k kx

kE ko kxkE ko *

(a) (b)
i"•,_"; \\e-,%e',r diagram> illu-tratmg h,, the rings are formed by scattering in BaTit) and LiNbO,. (a) Shows how a typical grating
\t, t.,r in the ( h planoe i- written in iterterem'e hetmeen the in(ident extraordinary polarized beam and a randomly scattered beam. (bi

, I he .penhiu gratinb! \eu',,r- in the a-h plane that allows anisotropic self-diffraction of the incident beam into a -l-order beam on
I h+. rin•5
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directions, but only two of the scattered beams k', lie at an Anisotropic self-diffraction was shown to occur for only
angle 2 0,d such that the grating vector K allows anisotropic one polarization of the writing beams and at only one grating
self-diffraction of the incident beam into a - 1-order beam k, spacing. For BaTiO:1, LiNbO3:Fe, and LiTaO:j, anisotropic
[Fig. 5(b)]. Following an analysis similar to that of Eq. (18), self-diffraction into -1 and +2 orders is possible, and we
the external apex angle of the ring in the a-b plane is given have observed both orders in BaTiO:i.
by A ring of anisotropically scattered light has been observed

2 + . n.2)2 ]1/ when each of these materials was illuminated with a single
sin = In,- •(3 (19) laserbeam. This ring was shown to be formed by diffraction

\ 4n, /J from noisy anisotropic gratings that satisfy the phase-
For BaTiO:t this equation leads to an apex angle 2€ of 500 for matching condition for self-diffraction into a -1 order. A

normally incident 488-nm light. This is in excellent agree- previous model,' which was based on gratings produced by
ment with the measured apex angle of 50.2'. Similarly, in the photovoltaic effect, does not consistently predict the
LiNbO:t:Fe the calculated and measured angles of the ring in observed apex angle and the discontinuities in the ring of
the a-b plane are 520 and 51', respectively. In general, this light scattered from these materials. In contrast, the

type of phase matching is allowed in a ring around the photorefractive analysis presented herein consistently pre-

incident beam. The discontinuity observed in the ring cor- dicts both the apex angle and the discontinuities in the ring

responds to the case in which the c axis lies in the plane for each of the above materials.
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Anisotropic scattering in photorefractive materials:
reply to comment

Doyle A. Temple and Cardinal Warde
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Ro(,.iel I ,hrui .-i , ! -- is reptc'tId Nl,arch vi. 1987

In response to, Odoul,, *, comment .)I ( tp Soc. Am. B 4. 1 *1:1 1 i:: .we show that. tor gratings established through
the tensor photo\,oltaic ettect. anistrrpo s cattering along the c axis in vii crystals is not forbidden by symmetry.

In an earlier paper. Odo<ulov et al.' reported on the observa- intersect in the crystal at an angle 1) in the plane containing

tin of a single ring of anisotropicallv scattered light with an the , axis, as shown. According to Refs. 1. 4. and 5. the

apex half-angle of 6.50 for a LiTaO, crystal that was pumped associated photovoltaic currents are given by

with a single ordinary polarized beam. A tensor photovolta-

ic model, which predicted an angle of 7.50. was advanced in

that paper. In our previous paper2 we proposed a photore- where 3,.4 are the photovoltaic tensor elements and E. and

fractive three-wave mixing interaction that explained the E, are the electric-field amplitudes of the light waves.

rings that we had observed in BaTiOý and LiNbO. and it Based on the symmetry of the 3,k tensor for 3m crystals

predicted an angle of 5.5° for LiTaOG. Because (1) the (independent symmetric elements are 3'J:. 1 -. _ and

measured cone angle in LiTaO, was equally close to the 3,, and the antisymmetric elements are d;:l and t:.'), we

calculated photovoltaic and photorefractive values, and (2) see that spatially oscillating currents along the grating vec-

the photovoltaic model does not accurately predict the apex tor K = k. - k: are forbidden for the geometry shown in Fig.

angle of the rings that we observed in BaTiO i and LiNhO; or 1. However. current J, perpendicular to the grating vector
explain the nulls in the rings along the c axis. we concluded ts not forbidden. as can be seen when Eqs. (1) and (2) are

that the authors had not sufficiently proved that the single substituted intli Eq. (3). Since the resulting space-charge

ring that they had observed in LiTaO G was die to the photo- field is given by E,- = J,/a,, where (7, is the photoconductivi-

voltaic effect. ty. the photovoltaic model predicts a space-charge field that

In light of their new data, which now show two rings, we is directed along the x axis and spatially modulated in theyN-

agree that the ring that they originally observed may be due - plane of Fig. 1. For 3m crystals, such a space-charge field

to the photovoltaic effect. However, our statement that the would induce a change in susceptibility through the electro-

photovoltaic model, as presented in their paper. does not optic effect that is given by

forbid anisotropic scattering along the c axis is correct. as is

shown below. = - . ..,,E,"(,,, (4•

A normal photorefractive grating is produced by a spatial- and h,• the lt,rn

ly varying intensity pattern that induces charge redistribu-

tion through diffusion. Because of the nature of this pro-

cess. the space-charge field is directed along the grating _, 0 0 (5)

vector. Using this constraint, it was shown in Ref. 2 that lX 0 0
anisotropic diffraction along the c axis of 3m crystals is

forbidden by symmetry for normal photorefractive gratings.

On the other hand. photovoltaic-induced gratings are pro- C Z
duced by an asymmetry in the photoionization and recombi-

nation processes, which are in turn related to the spatial

dependence of the ellipticity of the polarization of the opti-

cal field within the crystal. Consider two waves (ordinary

and extraordinart. intersecting in the plane containing the K

axis Isee Fig. 1I .y
Let the ordinary-polarized pump wave _______

E = .i.4 exptik -r - _taj + c-c. tl Ep

and the extraordinarv scattered wave S

E = .- c, - i sin lexplit k r- ýt~ j + c.c. (2) Fig 1. "1), tatibering configorat,,n under tni iderati,,n
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ing vector K and can lead to a nisot ro pic di Itract (ii a Ion._ the

Ba T 03 In addit ion to the sitigle ring (apex half -angle of 25.101

EP that we reported earlier in Ret. 2 for an nominally uitdoped
Ba~rio crystal. we recent I> oserved a second ani1ot ropical -
Iv ,cattered ring f'rom a heavily doped BaTio : Fe crysa

< 1 1110i, parts in It)' Fe in melt). This ,econtd ring, is much
c weaker than the first and contains two pairs of nulls located

along the c and a axes, as shown in Fig. 2. This sec-ond ring
sat isfies the phase-matching equatioin

SC
Fig, 2. Anisotropic ,cattering of a single extra(,rdinarv-polarized2k k*"+k()
purifh beam int(o t%%o ordinary-polarized rings i\&ith nulls in a with a measured apex half-angle of :17_F'.
heat ily\ doped Ba~riC) Ye crystal ( 100)i parts in t0o Fe in melti.

The authors are also with the Centter for Materials Science
and Engineering. Massachusetts Institute of Technology.

The svrmmetry of Eq. (5) shows that coupling hetween or- RFRNE
thogonall\ polarized beams in the. --- plane 1, allowked. The
strength of this coupling is. of' course. depetndent onl the t . G.t Odoulo%. K. Relabaev. and 1. Kiseleya. Opt. Lett. 10. A1
photoconductivity and the magnitude of the photovoltaic t(X.
and electro-optic tensor elements involved, hut it is not 2. D. A. Temple and (C. Warde. T1 Opt. Soc. Ain. B. 3. :i- t9s~i.

forbidden by svmmetrNy. Therefore, unlike in the standard 'GVI eiihr hs.Li.A6.2~17)4. E. M. Avakvan. K. U. Betahaev. and S. 6. Odoulo%. So%. Ilhv;ý.
photorefractive case, the photovoltaic spa-e-c-harge fields Solid State 25, 1887 (198M).
for the configuration in Fig. 1 are perpendicular to the grat- 5 . G. Odoutov, - JETP Lett. 35, 10 (19S5'.1
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High-order anisotropic diffraction and anisotropic self-diffraction in barium titanate (BaTiO 3). strontium barium
niobate (SrBa1 -,NbOOF, or SBN), and barium strontium potassium sodium niobate (Ba2_,Sr.K 1_,
NaNbsOis, or BSKNN) have been observed: up to fourth order in BaTiO: and SBN and up to fifth order in
BSKNN. It is shown that the scattered beams arising from anisotropic self-diffraction are composed of multiple
orders. To model anisotropic diffraction, high-order terms have been included in Kukhtarev's solution of the
transport equations for diffusion-dominated transport. Light-induced grating decay rates and diffraction efficien-
cies were measured as a function of grating vector and modulation index for the first three orders in BaTiO 3 and
were found to be in good agreement with the model.

1. INTRODUCTION tropically scattered beams arising from anisotropic self-dif-
fraction are composed of multiple orders. To model high-

Anisotropic photorefractive gratings'-2 are characterized by order anisotropic diffraction, we use a perturbation ap-
the property that, under the proper phase-matching condi- proach, similar to that used by Refregier et al.,° for
tions, an ordinary polarized readout beam can diffract into including high-order terms in the model of Kukhtarev et
an extraordinary polarized beam and vice versa. Holo- al.11 Using this model, we derive (1) approximate solutions
graphic recording of anisotropic photorefractive gratings in for the grating vector dependence of the second- and third-
electro-optic crystals has been studied extensively in recent order light-induced grating decay rates and (2) the modula-
years.1- 9 In the simplest case this involves gratings whose tion index dependence of the diffraction efficiency of these
wave vectors lie in the plane perpendicular to the c axis. orders. We have measured both of these characteristics for

The diffraction efficiencies and rise times of these gratings the first three orders in BaTi0 3 and have found reasonable
were used to determine the photoconductivities and diffu- fits to the model. We also report our measurements on
sion lengths of these materials. Measurement of the phase- anisotropic self-diffraction into orders as high as the fourth
matching angles was used to determine the birefringence,- order in BaTiO and SBN and the fifth order in BSKNN.
The signal-processing applications include such novel tech-
niques as dynamic light deflection,4 spatial light modula-
tion, 5 wave-front inversion, 6-. and, more recently, amplified 2. ANISOTROPIC DIFFRACTION
reflection through anisotropic four-wave mixing.m Also, an- To review the coupling permitted for anisotropic gratings in
isotropic scattering into conical rings of light was shown to 4-mm crystals, consider the grating formed by the intersec-
be the result of anisotropic gratings written through inter- tion of two coherent ordinary polarized plane waves with
ference between the incident pump beam and beams scat- amplitudes A, and A, and wave vectors k, and k, incident
tered in the crystal owing to optical inhomogeneities. 9 The symmetrically about the N axis of a 4-rm crystal, as shown in
angular dependence of this cone was used to determine the F ig. ll abot the axis o 4crystal as shoni

Fig. 1(a). In this case the grating vector K It - kt is along
dispersion of the birefringence in KNbO3.3 In general, the the x axis of the crystal. The resulting interference fringes
polarization orthogonality of the readout and diffracted induce a sinusoidal distribution in the photogenerated carri-
beams results in an improved signal-to-noise ratio, as point- ers, which set up a space-charge field with the same spatial
ed out by Stepanov et al.' periodicity as the fringe pattern. This space charge then

Anisotropic diffraction into a second order was observed modulates the refractive index through the electro-optic ef-
previously 9 in BaTiO3 by using the configuration for aniso- fect.
tropic self-diffraction.2.9 In this case extraordinary polar- Now consider readout of this grating, as in Fig. 1 (b), by a
ized writing beams intersect in the x-y plane of the crystal to steady-state plane-wave field of the form
form an anisotropic photorefractive grating. These writing
beams simultaneously diffract into both a first and a second A(r, t) = PA(r)exp[i(k - r - wt)) + c.c., (1)
order, Modeling in this instance is complicated by the cou-
pling of the two writing beams to the four diffracted beams. where P and w are the polarization vector and the frequency,

In this paper we investigate high-order anisotropic dif- respectively. The coupled-wave equations governing dif-
fraction in barium titanate (BaTiO0), strontium barium nio- fraction are
bate (Srj-,BaNb206 , or SBN), and barium strontium po- aR
tassium sodium niobate (Ba 2-,SrKi- NaNbO,.5 , or (2)= -isS, 1
BSKNN), and we report the first observation, to our knowl-
edge, of anisotropic self-diffraction into orders higher than as

the second in these materials. We also show that the aniso-
59
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y As shown previously,9 for this crystal orientation, ordinary
S•S I polarized writing beams cannot self-diffract from such a

0C 0C grating (ý,* • 6X - P2 = 0). In this case, the intensity fringe
OC gOC pattern in the crystal is uniform, assuming small absorption.

KWithout this coupling the assumptions in the charge-trans-
Wport models of Kukhtarev et asmiond Feinberg et al.11 are
more valid than for the case of strong beam coupling. Equa-
tions (2)-(7) also show that an ordinary polarized readout
beam can diffract only into an extraordinary polarized beam

ýR for gratings produced as in Fig. I(a).
A- A, The phase-matching condition required for observing an-

(a) (b) isotropic diffraction into high orders is illustrated in Fig. 2.
Fig. 1. Schematic diagrams illustrating (a) writing and (b) readout As shown in Fig. 2(a), the readout beam can undergo first-
of an anisotropic photorefractive grating in a 4-mrm crystal. In (a)
the writing beams A, and A2 intersect in the crystal, producing a order diffraction into an extraordinary polarized beam when
photorefractive grating with a wave vector K = k2 - k1. In • b) an the phase-matching condition K = k, - kis satisfied. How-
ordinary polarized readout beam R scatters into an extraordinary ever, as illustrated in Fig. 2(b), for a given grating vector K
polarized beam S, where k, - kR + K. the phase-matching condition may be satisfied for higher

orders of K. This condition can be expressed as MK, = K, -
ky, K, or as

, w(no 2 - n, 2) A,M sin 0
sin(a) ( - - 8)

(a)MX, sinO X"

a - where a is the angle of the extraordinary beam outside the
O k, K crystal; n0 and n, are the ordinary and extraordinary indices

of refraction, respectively, at the readout-beam wavelength;
Xw and X, are the writing- and readout-beam wavelengths,

Ske ko kx respectively; M is the diffracted order; and 0 is the writing-
beam angle outside the crystal.

(b)"- - Because ordinary polarized writing beams in 4-mm crys-

SKtals do not experience beam coupling for grating vectors in
as kS the x-y plane, these gratings fit closely the model of Kogel-

Or nik.13 Therefore the diffraction efficiency of Mth order is
given by

S(d) 2sn2Dd(9
ke ko k, 7'2 R sin= Dd, (9)

Fig. 2. Phase-matching diagrams showing (a) anisotropic first-
order readout of a grating of wave vector K and (b) anisotropic where
third-order readout of the same grating.

[DV- ,r2(e, e2)
2 
)-e• 6k• @s')

2

where R and S are the wave amplitudes of the readout and c,. a, cos a,

diffracted beams, respectively. The coupling coefficients and
are given by E,=-i..EM) - Z, (11)

'rxeff

K, n'") ' (4) where EM is the Mth-order space-charge field, d is the crystal
nX, cos(a,') thickness, n, and n, are the refractive indices of the readout

rXff (5) and scattered beams, respectively, a, and a, are the angles of
X,- c~, 5) propagation in the crystal, 10 = I, + 12, and A, is the readout-beam wavelength.

where X, - X, is the wavelength of the readout and diffracted
beams and n,, n,, ai', and ad" are the indices of refraction
(n's) and angles (a's) inside the crystal of the readout and 3. LIGHT-INDUCED GRATING DYNAMICS
diffracted beams, respectively. The effective susceptibility The equations used to describe the photorefractive response
X.ff is of a material are given by1

X,,f - (Q2" " )(Q," bi•t•) (6) an, 8ND÷r = -- + - 7(J, (12)

where at at e

E, - Z. (7) 8IND~ +=_ I + (ND- ND-) - •tRnND, (13)
at \Pii ]

i is the third-rank electro-optic tensor, i is the second-rank

optical dielectric tensor, and Ec is the space-charge field. 60 J = ep'iE, + eDr n, (14)
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Vi,,E ,) = e(Ntj÷ - N , - n), (15) dE, E.,=- - A(K)mE, - B(K)E,2 . (26)

where nnN, NNA, and No÷ are the concentrations of the free dt

electrons, donors, acceptors, and ionized donors, respective- where
ly, e is the charge on an electron, J is the current density, a is
the photoconductivity, I is the intensity, D is the diffusion 1 egn, I + (kT(ee2 NT)(2K)2  (27)
constant, "YR is the recombination rate, 3 is the thermal T 1 + (mkT/1rNa)(2K)"
generation rate, ( is the relative dielectric constant, u is the
mobility, and E, is the space-charge field. For anisotropic A(K) and B(K) are functions of K, and El is the first-order
gratings in the x-N plane of 4-mm crystals, the fringes are space-charge field derived previously.''12

flat and planar for ordinary polarized writing beams, and the For light-induced erasure of a previously written grating,
fringe intensity distribution is given by the general solution of Eq. (26) is

=1, + 'n exp(Kx) + c.c. (16 E,= E,, exp(t) + (/ -l/., eXP T,

Hence the generation rate at any point in the grating is / B, -\x 2t,
constant, assuming no charge depletion. We assume solu- + \2/ - ',,exp( T (281

tions of the form

S= N ' + 1/ + expGKx) + c~c.). (17) where we have used the fact that the first-order field decays
at a rate exp(-t/r). This shows that in general the erasure

n = no + 1/,nj exp(iKx) + c.c.], (181 rate of the second order is nonexponential. However, de-
pending on the relative sizes of T., AI, and B1, the decay rate

J = J,, + '/,[.-, exp(iKx) + c.c.], '19) could resemble that of a single exponentialwith adecay time
of 12. Also, because the first-order space-charge field is

= E,• + '[E, exp~iKx) + c~c.], (20) proportional to m, we see from Eq. (26) that the second-

where NDIo , n1, J1, and El are the modulated portion of the order space-charge field is proportional to r-2.
ionized donor density, free-electron density, current densi- Similarly, using the results for the first- and second-order
ty, and space-charge field, respectively, and m = 2( C- space-charge fields and applying third-order perturbation
e 2)(111 2)'1 -'(Ii + 12). Then the decay rate of the first-order theory, we find that the expression governing the time de-
space-charge field is given by' 1.12  pendence of the third-order space-charge field is

-1 + (kT K` dF E, _ F(E,, EE,), (29)
emne(N- [ d(t 1)

r 1 mT ) K. where F is a complex function of the first- and second-order
- ,NAe fields. This shows that in general the decay rate of the third

order is also nonexponential. However, when the driving
where NT = (N,'tN.4)(Nt, - NA). term F is small the grating can show an exponential decay

To solve for the high-order harmonics of the grating we with a single decay time r ,, where
can use a perturbation approachl" by assuming high-order - T""7~,~" epix E 11l, ekT (30)
solutions of the form I + (3K)-
N[)+ ' Nr,. + ',ý,[N[, * expGiKx) + = - [p, N (30)

TI 1 + PkT ,3'l

+ No,*%M exp(MiKx) + c.c.], (22) 1 NA (3K)-

n = n, + 1/21n, exp(iKx) + . + n 1 exp(MiKx) + c.c.], Now, because the complex function F contains terms such as

(23) E,: and E,.E•. we see from Eq. (29) that the third-order
space-charge field is proportional to m'. It is interesting to

J = .,, + ý4.1, exp(iKx) + + d.J exp(,MiKx) + c.c.], note that when the decay rates of the three orders are single

(24) exponentials, the decay times have the same form: the first
E, = E, + ',JE, exp(iKx) + -.. + E, Texp(.MiKx + c.c.]. order is a function of K, the second order is a function of 2K,

(25) and the third order is a function of 3K.
BaTiO.1 , SBN, and BSKNN crystals were cut along the

For a second-order perturbation, we (1) neglect orders in the (100) axis, polished to optical quality, and poled to obtain
harmonic solutions higher than the second order; (2) assume approximately single-domain material. In particular, the
that the second-order space-charge field does not signifi- BaTiO:, crystal was grown from a melt containing high-puri-
cantly aLect the first-order space-charge field. that is, the ty BaO and TiO2 , with extra precautions taken to minimize
first-order solution is still valid: and (3) neglect any gratings melt contaminption from the furnace.
written by interference of high-order diffracted beams. Us- High-order diffraction efficiencies and decay rates of an-
ing these assumptions, we substitute Eqs. (22)-125) into isotropic diffraction were measured for the high-purity sam-
Eqs. (12)-(15) and group terms with exp(2iKx). From this pie of BaTiO, up to third order. The writing and erase
we find the time dependence of the second-order space- beams all originated from an argon-ion laser (Coherent In-
charge field to be nova 70) operating in the TEMc,, mode with X = 488 nm.
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The readout beam (X = 633 nm) was chopped at a frequency 0.5- T T T 77

of 1000 Hz, and the diffracted beam was sychronouslv de-
tected by using a photomultiplier tube and a lock-in amplifi- -

er. The output of the lock-in amplifier was fed to an AT&T 0.1 -
6300 computer equipped with a Data Translation data-ac- 0.05 -
quistion board with the sampling rate set at 80 Hz. / _

The light-induced decay rates of the first three orders in
BaTiO 3 were found to be well fitted by a single exponential. 0.01
Beam-coupling measurements on this sample determined 0.005
the dominant conduction mechanism to be holes with practi- _
cally no hole-electron competition. Nonexponential decays 0.OO t
were observed for high-order anisotropic diffraction in the 0.1 0.5 1.0
SBN and BSKNN crystals; thus our most detailed experi- Modulation index, m

Fig. 4. Square root of the diffraction efficiency plotted versus the
modulation index m for the three orders of anisotropic diffraction in
BaTiO,. The first, second, and third orders are plotted as filled

1.0 I circles, open triangles, and open circles, respectively. The solid
curves are the theoretical fits to the linear regions.

0.8

S0.6 ments were conducted on the BaTiO.1 crystal. The decay
rates of the three orders were measured as a function of

,0.4 - grating vector and were fitted to Eqs. (21), (27), and (30) by
using a nonlinear least-squares-fitting routine. The writ-

00.2/ ing-beam intensities were I, = 0.2 mW/cm 2 and 12 = 31 mW/
cm 2 for the first order, I, = 7.3 mW/cm 2 and 12 = 21 mW/cm2

0  20 for the second order, and I, = 19 mW/cm 2 and 12 = 34 mW/
0 20 40 60 8C cm 2 for the third order. Because grating decay rates in

K2 (x o 12 /m 2 ) BaTiO 3 usually exhibit a nonlinear intensity dependence,
(a) the erase-beam intensity was held constant throughout the

experiments at 11.5 mW/cm 2 for the first order, 4.5 mW/cm 2

08 I for the second order, and4mW/cm 2 for the third order. The
* readout-beam intensity IR was kept below 1 UW/cm 2 in all

0.6- _experiments.
The results of the light-induced grating-erasure-versus-

grating-vector experiments are shown in Fig. 3. A nonlinear
-a.4 dependence of the decay rate on the square of the grating
>. vector was observed for anisotropic diffraction into the first

1 0.2 /and second orders. The theoretical fit of Eqs. (21), (27), and
(30) to the data is also plotted as solid lines in Fig. 3. This
gives effective trap densities, NT, of (1.5 ± 0.6) X 1016/cm.•,

0 20 40 I 6 80 (0.65 + 0.7) X 1016/cm2 , and (2.1 - 0.4) X 10lI/cm 3 from the(20 (41012/M2) first-, second-, and third-order data, respectively. Taking
(2b) the uncertainties into account, we find that these values are

in fair agreement.

1.5 , The diffraction efficiency was also measured as a function
of the modulation index for each order. In this experiment
one of the writing-beam intensities was kept constant at 27

.mW/cm 2 and the intensity of the other varied. The square
root of the diffraction efficiency is plotted versus m in Fig. 4

-* for the three orders. In this model the square root of the
diffraction efficiency is linearly proportional to the space-

00.5- / charge field in the absence of beam coupling and for low
diffraction efficiencies [Eq. (9)]. Fitting our data for the
three orders to this equation, we find the values of M in mm

0 - I to be 1, 1.9, and 3.2 for the first, second, and third orders,
0 20 40 60 80 respectively. We see that the theoretical fit (solid line in the

(3K)2 (.1O12/m ) figures) is in good agreement with the measured efficiencies
(c) for the first two orders with a reasonable fit for the third

Fig. 3. Decay rates of the first three diffraction orders as a function order at small m.
of grating vector for a BaTiO, crystal. (a) The first order is plotted This result is in contrast to the results of Huignard and
versus K1, (b) the second order is plotted versus (2K)-. and ic) the
third order is plotted versus (3K)2 . The filled circles are the data Ledul 4 for Bi2SiO20 . They found that the diffraction effi-
points, and the solid curves are the theoretical fit. 62 ciencies of the different orders followed the equation
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EM :(- - m2)I'2]M. (31)

(o) K K
We find that our data do not fit this equation for large m. k2 9,,

4. ANISOTROPIC SELF-DIFFRACTION

Anisotropic self-diffraction occurs when the phase-match- ke ko k,
ing conditions are satisfied for the writing beams. The con- k
figuratiow. that we used to study anisotropic self-diffraction ý._
is shown in Fig. 5. Here, two extraordinary polarized writ- •-R K K -
ing beams, A, and A,, of wave vector k, and k9 intersect in (b)
the x-y plane of a 4-mm crystal to form an anisotropic k4 k, 5,
grating of wave vector K = k, - k,. For plane-wave light
fields of the form

A(r, t) = hA(r) exp[i(k • r - wt)j + c.c., (32) ke ko kx

using the slowly varying field approximation we can derive Fig. 6. Phase-matching diagrams showing examples of anisotropic
the following coupled-wave equations governing self-diffrac- self-diffraction of extraordinary polarized beams into ordinary po-
tion: larized (a) first and second orders and (b) third and fourth orders.

8A,
-2ik 4 cos(on) =j y *A3 + sA4A (33) Table 1. Phase-Matching Angles of the Writing

Beams Outside the Crystal for High-Order
O A.,= Anisotropic Self-Diffraction
- o Orders BaTiO 3  SBN BSKNN

-2ik 3 cos(,t,) -0 = KIA, + K2A., (35) First and seconda 12 8.5 10.2
22' Second and third 6.9 4.9 6.2

aA, Third and fourth 4.9 3.5 4.2-2ik 4 COS(€n) = K3*A, + P4.4C . (36) Fourth and fifth - - 3.4

Here 8,n and Oin are the angles of the writing and diffracted Measured valu".

beams, respectively, inside the crystal. The coupling con-
stants are given by Z= - I " E m Z (41)

Ki = t 2 0 i- . 1, (37) =2 -X2 kfM+. 2, (42)

. _ ' .where EM and EM+1 are the Ai- and M + 1-order space-

-2 = fO - e3 X2"e2, (38) charge fields, i. is the free-space permittivity, and c is the
free-space speed of light. We also see that although the
writing beams A, and A., do not experience self-diffraction

'13 =(I % 4 ý_ " 02, (39) into each other, they are indirectly coupled because EM is

2 proportional to (1 2 .)' .
K4 W24 (40) The anisotropic self-diffraction phase-matching diagram

c is shown in Fig. 6(a). Close examination of this figure clear-
with ly shows that each diffracted beam is composed of two or-

ders. For instance, beam A is the result of self-diffraction
of beam A, into first order (k:. = k, + K) and beam A2 into

ý IY I second order (k, = k, + 2K). This can be observed experi-
4A 3mentally simply by blocking beam A, or A, and noting the

presence of the diffracted beam A:,. Thus a measure of the
(D C rise or decay rate of these diffracted beams involves more

than one time constant. Because the diffraction intensity of
the orders goes as m-V. where m is the modulation index and
M is the order of the diffracted beam, the departure from a
single time constant should be significant only for large m
gratings.

Figure 6(b) shows typical phase-matching conditions re-
quired to observe anisotropic self-diffraction into orders

Ai A2 higher than the second order. In the particular case shown
Fig. 5. Setup for observing anisotropic self-diffraction in photnre- the diffracted beams are composed of both third and fourth
fractive crystals. The angle 0 is the phase-matching angle detined orders (h, = ki + 3K = k, + 4K). In general, anisotropic
in Eq. (43). 63 self-diffraction occurs in pairs of order -Ml and M + 1. The



D. A. Temple and C. Warde Vol. 5, No. S,,August 1988/J. Opt. Soc. Am. B 1805

phase-matching conditions can be expressed mathematical- ACKNOWLEDGMENTS
lyv by IThis research was supported in part by the Defense Ad-

[ n - n,j i(43 vanced Research Projects Agency under U.S. Air Force con-
(0) = 2M +12 - 11 tract F19628-85-K-0050. The SBN and BSKNN crystals

were supplied by R. R. Neurgaonkar of Rockwell Interna-

[ , 2 1 2 tional. The high-purity BaTiO.1 crystal was grown in the
sin(O =,(2A +1) (44) MIT Crystal Physics and Optical Electronics Laboratory.

n(2M + 1)- 1 The authors are also with the Departments of Electrical

where 't and ý are the angles outside the crystal of the writing Engineering and Computer Science, Massachusetts Insti-

and diffracted beams, respectively. If the high-order space- tute of Technology.

charge fields are neglected, Eqs. (33)-(36) and (43) and 144)
reduce to those of Kukhtarev et al.2  REFERENCES

High-order self-diffraction experiments were pertormed
on the crystals using a Coherent Innova 70 argon-ion laser. 1. S. I. Stepanov, M. P. Petrov, and A. A. Kashilin. "Optical dif-

with X = 488 A, operating in the TEM,ý, mode. The beams fraction with polarization-plane rotation in a volume hologram
in an electrooptic crystal." Soy. Tech. Phys. Lett. 3, 345 (1977, ).

were roughly collimated to approximately 5 mm in diameter 2. N. V. Kukhtarev, E. Kratzig, H. C. Kulich, and R. A. Rupp,
with an intensity ratio 11/1,, = 3. "Anisotropic self-diffraction in BaTiOi," Appl. Phys. B 35, 17

First, the angles for anisotropic self-diffraction into first (1984).
and second orders (M = 1), as in Fig. 6(a), were measured for 3. R. A. Rupp and F. W. Drees, "Light-induced scattering in pho-

torefractive crystals," Appl. Phys. B 39, 223 (1986).
each sample. These were 0 = 12', 8.50, and 10.8' for the 4. E. Voit, C. Zaldo, and P. Gunter. "Optically induced variable
BaTiO:i, SBN, and BSKNN crystals, respectively. From light deflection by anisotropic diffraction in photorefractive
Eq. (43) these values of 1t imply that n, 2 - n,,2 = 0.346 for KNbO3," Opt. Lett. 11,309(1986).
BaTiOý, 0.1734 for SBN, and 0.281 for BSKNN. Using 5. E. Voit and P. Gunter, "Photorefractive spatial light modula-
these values of n,,2 - n,2 in Eq. (43), we calculated the angles tion by anisotropic self-diffraction in KNbNOi Crystals," Opt.

Lett. 12, 10 (1987).
of the writing beams needed to observe the higher orders. 6. N. V. Kuktharev and S. G. Odulov, "Wave front inversion in
These are shown in Table 1. Note that up to the fifth order anisotropic self-diffraction of laser beams," Soy. Tech. Phys.
was observed in BSKNN. The measured angles were all Lett. 6. 503 (1980).
within the experimental error, -0.1° of the calculated val- 7. N. V. Kuktharev, "Wavefront reversal of optical beams in ananisotropic media," Soy. .. Quantum Electron. 11,878 (1981).
ues. 8. D. A. Temple and C. Warde, "Amplified reflection through

anisotropic four-wave mixing in BaTjO%," submitted to Opt.
Lett.

5. SUMMARY 9. D. A. Temple and C. Warde. "Anisotropic scattering in photore-

In conclusion, we have observed high-order anisotropic self- 10fractive crystals," J. Opt. Soc. Am. B 3, 337 (1986).
10. P. Refregier, L. Solymar. H. Rajbenbach, and J. Huignard,

diffraction in BaTiO.,1 SBN, and BSKNN. The phase- "Beam coupling in photorefractive Bil.SiO),, crystals with mov-
matching angles were measured and found to be in excellent ing gratings. Theory and experiments," J. Appl. Phys. 58, 949
agreement with the theory. Also, it was shown that the (1985).

beams that are diffracted through anisotropic self-diffrac. 11. N. V. Kukhtarev, V. B. Markov, S. G. Odulov. M. S. Soskin, and
V. L. Vineteskii. "Holographic storage in electrooptic crystals 1.

tion are composed of two distinct orders. To model high- Steady state." Ferroelectrics 22, 949 (1979).
order anisotropic diffraction, we included high-order terms 12. .. Feinberg, D. Heiman, A. R. Tanguay, Jr., and R. W. Hell-
in Kukhtarev's solution of the transport equations. The warth,"Photorefractive effects and light induced charge migra-
light-induced decay rates versus grating vector squared and tion in barium titanate.'" . App). Phys. 51, 129701980)ý.

the diffraction efficiencies versus modulation index were 13. H. Kogelnik. "('opled %a'e theory for thick hologram gra-
tings.*" Bell Syst. Tech. J. 48. 2909 (1969).

measured for the first three orders in BaTiO. and were 14. .1. P. Huignard and B. Ledu. "Collinear Bragg diffraction in
found to be in fair agreement with the model. photorefractive Bi1_SiO., ." Opt. Lett. 7, 310 (1982).

64



8 Amplified Reflection Through Anisotropic Four-
Wave Mixing in BaTiO:3



Reprinted from Optics Letters, Vol. 13, page 764, September 1988.
Copyright © 1988 by the Optical Society of America and reprinted by permission of the copyright owner.

Amplified reflection through anisotropic four-wave mixing in
BaTiO 3

D. A. Temple

erporlrt.-i•r of Ph% sics. Mussachusetts Institute of TI-chnolog%. Camhridge, Massuwhusetts 12134

J. Chang

Department of Material Scienw e. .. hss, huos-ts Institute of Iv( hn. log%. Cumbrn i ge. Massachusetts 0_11".9

C. Warde

Department of Electrical Engineering und Computo-r S. i-t,.e. Mussauchusetts Institute of 1 vchnlop-. C,:mhridge. .luas•t husetts 02139

R-'.-Iied iniuarv % . 1988. accepted June 2N I488

We have demonstrated cA non pha~e.conjugate amplified reflection in single-crystal BaTjO; using anisotropic
four-wave mixing. We show that the refleuted beam is polarized orthogonally to the readout beam and that it is a
true reflection of the image beam. not a phase conjugate. The maximum reflectivity measured was approximately
200 .

Amplified reflection has been observed previously in To model this mirror, consider the three ordinary-
BaTi0 3 using isotropic four-wave mixing.' ' In the polarized plane waves Ai, A 2, and A:A intersecting in
normal configuration shown in Fig. 1(a). the object A, the x-y plane of a photorefractive crystal as in Fig.
and pump A42 beams intersect in the crystal to form a l(b). Although there are three gratings formed by
photorefractive grating. A second pump beam A.1  interference between beams AI and A:, A: and A:3 , and
counterpropagating with the first pump beam scatters A.2 and A,,, the ordinary-polarized writing beams A,
from this grating into a fourth beam A4, which has the and A 2 are not properly phase matched to couple to
same polarization as the pump beam A and is the any of these gratings.' Hence, the only allowed cou-
phase conjugate ,f the object beam A,. In BaTiO.i the pling is diffracton of the readout beam A:, into beam
phase-conjugate reflectivity has been found to exceed A4. Therefore we only need to consider the grating
1 00.I produced by interference between beams A I and A,.

The configuration for observing amplified reflection where K = k_, - kl. Now. by using the slowly varying
through anisotropic four-wave mixing in BaTiO, is field approximation,- we can derive the coupled-
shown in Fig. 1(b). As seen from the phase-matching wave equations for this process. For plane waves of
diagram (Fig. 2), it is a simple variation of the configu- the form
ration used for observing anisotropic self-diffrac-
tion.4 6 In this system, two coherent ordinary-polar- E~r. tI = Airexpzk- r - •t)j + cc., (1)
ized plane waves A, and A, with wave vectors ki and k) the coupled equations are
intersect in the x-N plane of the crystal, producing an
anisotropic grating through the photorefractive effect. dA Al
An ordinary-polarized plane wave .4, of wave vector kI dN = IA , 4, expio). (2)
is used to read out the grating, as in Fig. 2. producing A /
an extraordinary-polarized wave A4 of wave vector k4. dAl A .xA, 3
Unlike the normal phase-conjugate reflection shown dx = I , I,, '. A, exp(io). (3)
in Fig. 1(a), the unique features of this system are 11/
the readout beam is always ordinary polarized and the
reflected beam is always extraordinary polarized, (2) The coupling coefficients are given by
ordinary-polarized writing beams cannot couple to the 4• Ii • - &,)
grating, which eliminates beam-coupling effects," (:i . = ,(4)

the reflected beam is a rel reflection tf the image nX-2 cos(,,)
beam A,, not a phase conjugate, and (4) anisotropic
diffraction in BaTiO1 makes use of the r, - electro- Ce i X,. -

optic coefficient exclusively. The majfr disadvan- n X- =1i5
tages of this mirror are that strict phase-matching
conditions must be met in order to achieve maximum where A and c are the wave vecttr and frequency -f
efficiency and phase-conjugate reflect•on i. n,,t pu,.i- the beams, resjpectively. L, = 11 + ii. &-. iý .. andý 4
ble in this configuration. are the polarii;it ion vectors. ,X is the %&avelength, H and

(I f '
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.'-,=..,.:.•-:..•, \ / 1, Since the angles are fixed owing to the phase-

• / j_--.•1-"" '' -• -•. • ._-2 matching conditions, this relation shows that the re-

, :.. :•. e:. :•:- flectivitv can only be maximized by optimizing the
• • $-' '[ e2' •e,••=: ^ .... ; r • beam overlap, a severe limitation for this system. For

:•:•" *: ,. , 1 small modulation {m << 1) the space-charge field E.c
• can be approximated by- '•

' -" I • (kT/e)K

E•, = . (8)
S1 + '•kT/c=.X;.I K-

:, .÷:: where e is the charge on an electron, • is the dielectric
constant, k is the Boltzmann constant. T is the tem-

?
Fig I. ('•,nfigurations for t, bserving qa• mrmat fiur-wave perature. K = (4rr/,X.}sin 0 is the magnitude of the
mJxm;g and ,h• ams,,tr,,pa' t'¢,•Ir v.ave nnxi,< In b,,th ca•.es grating vector, and .X'l- is the trap density. [_'sing a
beam, .4 and A_ write a ph,,t•,refra• tl•t-• •tJn• "lhi, •:rat- trap density of 1.5 x 10> cm-:L which was determined
mg > read ,,ut h• beam .4 . •hich -cattt-r- a:.:. :.•-am \: previously values for the refractive index and dielec-

tric constant determined by Wemple et al..1'' r4_, = 820
m V •Ref. l 1 i, and an interaction length of approxi-

• •, mately 4 mm in Eq. (7). we estimate the maximum
reflectivity to be approximately 400%. This is in rea-Ssonable agreement with the maximum reflect ivit.v that
we were able to attain, which was 200%. The difl'er-

•'z • •, ence is probably due to our estimate of the interaction

length l or to the fact that Eq. 161 neglects reflections
at the crystal surface.

Extraordinary-polarized writing beams can also be
£• •" : *" used to write the gratings. However, ,.n this case the

•' process is greatly complicated by self-diffraction of
each writing beam into both a first and second order.•

• Qualitatively we expect this to cause the grating
planes to vary in the crystal owing to the large varia-

• tion ()f the writing-beam phases and intensities, as
each ib diffracted into the two orders. This should
have the elfect of reducing the grating strength and

Fig 2. Phase-matching diagram for obervine aniotropic therefore the reflectivity. For this case, we measured
four-•ave mixing in a negative biretringent ph,,•.retracti,.e a reflectivity ,,f approximately 50% for the same writ-
• r.vstal ing- and readout-beam intensities.

Sare the angles of the writing and read-at beams, o is•\"

the phase between the intensity fringes and the index-
grating planes, and n and q, are the ,,rdinary and
extraordinary indice• of refraction. The etlective st|s- .
ceptibilit.v i• gi•.en by , .I .. .... •.:_ _

•,e:l = -•'tr'E.•I-L •6J

where • is the second-rank optical dielectric cr>tant.
r is the third-rank electro-optic coefficient, and E, is "-" re'e:.+,
the space-charge field. FromEqs.•2iand •:•wesee
that the reflected beam is a standard reflection of the••2' .•.••€_ .

o

imaCe beam..4• -• A,, propagating back ahng the di- 7 t' •
rection of the image beam. k4 =-k:. Thus, thecrys- €
tal acts as if it were a standard mirror with its surface
normal parallel to k•. This is similar to the phase- • t
conjugation case except that the reflection is a stan- -•L •i•
dard reflection. When the beam ratio• are such that 9 •--

I' L ..
I:, I• >> I•. the reflectivity R can be approximated hv •L.___.:

S= i 4 •)1: n. Fig. 3 ODtical .etups used to •tudT, anisotrqfi( hur v.axe
i ' L (.os•.•t,,>•.• mixln• In -e•::p 'a,.ailtht' wa•es are collimated and the.

S{[ '[ t 1 ret-le•tixil\ x•a- mea-ured a- a turlt'tt,,rl {•f the pump beam

X/ , I-1 ratio, .qe(•l[,) 't,• '.•.'a:, tl,',t'd t() dem ,,nstra{e •illrr•,r attlt.n
S1 + I [ • J •singa res,,h•t:,.n chart as the tran.,parencvF. The angle-

" 'a•.re " = . = 125° and •; = 4,•c. I.enses sh•,•n haw
•here l i, the l'•l{era(-•in length ,,• the read•,u•: t)eam d•ll•-ren! l,,+i-d 2, r•'lh-

t:
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I I i the object beam I, was expanded and recollimated,
150 00 0 0 0 and a resolution chart placed in the path was imaged

with a lens L (focal length 38 cm) through a beam
splitter BS onto the crystal. The crystal was slightly
rotated to avoid overlap of the surface reflection of A.,

or" with the anisotropic reflected image A4. A photo-
100 graph of an amplified reflected image is shown in Fig.

5. The lens in front of the film was used for reimaging
_ and magnification; its focal length was much different
3 50 o °- ... ° from that in front of transparency T. Three separate

observations confirmed the reflecting properties of
this mirror: (1) when an aberrator was placed in the
path of beam 1 between the beam splitter and the

0 crystal the reflected image at the screen was greatly
0 1 2 3 4 5distorted; (2) when transparency T was removed and

13 / 12 the lens of focal length f = 38 cm placed 22 cm in front

Fig. 4. Graph of the mirror reflectivity as a function of the of the crystal, the reflected beam was found to focus at
mratio IJI.. The intensities o the writing beams a distance 16 cm in front of the crystal and the trans-pump- beam mittid beam was foundiie to focu atiin abdstncm1sc

11 and 12 were kept constant, with the filled circles represent- mitted beam was found to focus at a distance 16 cm
ing 11 = 850 uW and 1 = 3.4 mW and the open circles behind the crystal; and (3) when a conventional mirror
representing I, = 100 ;iW and 1, = 20 mW. was used in place of the crystal the position of the focal

point was unchanged.
In summary, we have demonstrated non-phase-con-

jugate amplified reflection using anisotropic four-
wave mixing in photorefractive BaTiO:. The reflect-
ed beam was shown to be a true reflection of the image
beam, with a measured amplification of approximate-
ly 200%. This has potential for improving the signal-
to-noise ratio of image amplification without produc-
ing a phase-conjugate image12 or contrast reversal. "•

This research was supported in part by the Defense

Advanced Research Projects Agency under U.S. Air
Force contract F19628-85-K-0050.
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Photorefractive Properties of BaTiO3 : Cr
R. S. HATHCOCK, D. A. TEMPLE, AND C. WARDE. MEMBER. IEEE

Abstract-LUnusual beam fanning has been observed in heavily doped

BSTaO 3: Cr along with an increased photovoltaic effect. The nature and6`
symmetry of this beam fanning are described, and the results or the
photovoltaic measurements are presented.

INTRODUCTIONB ARIUM TITANATE (BaTiO0) is a photorefractive C 4 t 6 ', '2
L material with large electrooptic coefficients. Beam Ta,,,resfanning has been obserged in nominally cundopede sam- Fig I. Diffraction efficiency as a funct.ion of time for a BaTiO. Cr cos-fal The , ntig beams were on continuously from r = 0

pies of the material, and this phenomena is believed to be
important in the process that is responsible for the excel-
lent self-pumped phase conjugating property of the crystal Observation of the crystal during the writing process
111-131. revealed that light from the writtng beams was being scat-

Although models of the photorefractive effect have ex- tered out of the crystal along well-defined paths (beam
isted since the early work of Chen (4]-161. the details of fanning). This scattered light became noticeable at ap-
the effect in BaTiO, (i.e.. the excitation and trapping cen- proximately the same time that the intensity of the dif-
ters), and the exact nature of beam fanning have not yet fracted HeNe laser beam began decaying, and the rise in
been firmly established. Recent papers ha,,e pointed to intensity of the scattered light continued to correlate with
iron as the cause of the photorefractive effect in BaTiO 3  the further decay in the intensity of the diffracted beam.
171. but as we shall see herein it is not the only dopant Clearly, while some beam fanning is essential for self-
that can alter the photorefractive properties of the mate- pumped phase conjugation, strong beam fanning can be
rial. In this paper. we discuss some of the properties, of detrimental since it may affect or limit the diffraction ef-
BaTiO3 doped with chromium. ficiency as illustrated in Fig. 1.

SAMPLE PREPARATION BEAM FANNING

A BaTiO.1 boule was grown by the top seeded solution Beam fanning in the Cr doped BaTiO 3 crystal was stud-
method 18] with 20 ppm chromium in the melt. A sample ied using a collimated (2 mm diameter) Ar-ion laser
was cut from the boule, polished, and electrically poled beam. with a wavelength of 488 nm. Three cases of beam
to yield a crystal %kith final dimensions of 6.7 x 5.6 x fanning for a single pump beam initially incident along
3.6 mm. An undoped sample grown from a nominally pure one of the high sy mmetry axes of the crystal are discussed
melt with dimensions 4. I x 4.9 x 4.1 mm \&as used for below: 1) initial propagation antiparallel to the c axis, 2)
companson. initial propagation parallel to the c axis, and 3) initial

propagation parallel to an a axis. The c axis was found
DIFFRACrIoN EFFICIENCY optically using the crossed polarizer technique, and the

Attempts were made to measure the rise time and sat- +c axis was determined by observing the voltage devel-
uration level of the diffraction efficiency of the Ba- oped across the c axis when the crystal was heated. The
TiO 3 : Cr sample by writing a grating with an Ar-ion laser face which becomes negative upon heating the crystal in
(wavelength 488 nm) and reading the grating with a HeNe the dark is the -i c face.
laser (wavelength 632.8 nm). These attempts were frus- The most striking beam fanning was observed for the
trated by the observation that the diffracted intensity did case of the incident beam propagating antiparallel to the
not nse to a steady-state value as was the case for the c axis of the crystal. Initially the beam propagated through
nominally pure sample. Instead, the diffracted beam in- the crystal, bu, after a short time two distinct beam paths
tensity initially rose, but then decayed toward zero, as were observed within the crystal diverging from the in-
shown in Fig. 1. cident beam. Fig. 2(a) is a photograph of the crystal il-

lustrating this phenomenon. The fanning beams are ob-
servable through light scattered from crystal

Manuscript received JukN 16, 1987, re'ised August 31. 1987 imperfections. At steady state, most of the incident power
The authors are with the Center for Materials Science and Engineenng,

Massachusetts Institute of Technology. Cambridge, MA 021;9 was diverted into these two paths. The two paths were
IEEE Log Number 8717507 always observed to lie in the plane of polarization of the

0018-9197/87A'1200-2122501.00 ý. 1987 IEEE
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C [ (see Fig. 2(b)] and two strong backscattered beams were
observed outside the crystal. These backscattered beams
had properties similar to the fanning beams discussed
above: I) the build-up time is approximately the same, 2)E the two backscattered beams lie in the plane of polariza-
tion of the incident beam, and 3) the backscattered beams
do not remain collimated. Fig. 2(b) shows the beam path

Sk within the crystal for this configuration.
The final case is that of propagation along an a axis.

Since the a axis is not polar, there is no distinction be-
tween antiparallel and parallel. When the polarization of
the incident beam is along the c axis, as before, the inci-
dent beam initially propagates through the crystal. Then,
as time progresses, a single fanning beam, which is di-

(a) rected toward the +c axis and lies in the plane formed by
the c axis and the propagation direction, is observed. In
steady state, most of the power is transferred to the fan-
ning beam. Fig. 2(c) shows the trajectory of this single
fanning beam inside the crystal. This is the same scatter-
ing geometry that gives rise to a pair of anisotropically
scattered cones of transmitted light with nulls along the c
axis in earlier work on undoped BaTiO 3 and BaTiO3 : Fe.

k The apex half angles of the cones were 25. 1 ° and 37.50
[91, [10]. When the polarization of the input beam is par-
allel to the other a axis the light is scattered at large angles
(approaching 90°) to the incident beam direction. The
scattering is out of the plane formed by the polarization
and propagation vectors of the incident beam, and is to-
ward the c axis. This case is more closely related to the

(b) configuration used in self-pumped phase-conjugate mir-
rors, and yields results similar to tiose previously ob-
served by others in "undoped" crystals [1]-131.

The general properties of the fanning beams did not vary
C with wavelength for the visible lines (514.5, 496.5,I 488.0, and 476.5 nm) of the Ar-ion laser. Also the beam

fanning pattern was found to be independent of the inten-
, k sity of the incident beam except that at lower intensities,

longer times were required in order to observe the fanning
beams.

In order to determine whether the Gaussian intensity
distribution of the laser beam influenced the beam fan-
ning, several beamstop experiments were performed. Ap-
erturing the beam to a smaller diameter decreased the

(c) width of the fanning beam, as expected. Blocking one-
Fig 2 Beam fanning in a BaTiO,: Cr crystal. (a) Beam propagating an- half of the beam in order to obtain a sharp intensity gra-

tiparallel to the c axis (bh Beam propagating parallel to the c axis (c) dient caused a decrease in the intensity of the fanning
Beam propagating parallel to the a axis beam on the blocked side, but the general shape and di-

rection of the fanning beam remained the same as in the
incident light, and diverged from the path of the incident unblocked case. Finally, a beam stop was placed in the
beam close to the entrant surface. The two beams did not center of the Gaussian beam. Except for the reduced in-
remain collimated within the crystal. The fanning beams tensity, no change in the beam fanning was observed.
diverged within a range of angles between approximately No fanning was observed for the red line of a HeNe
55 and 80' from the propagation direction of the incident laser. It is not clear whether this was due to the low power
beam. of the HeNe laser, the relatively low absorption of the

For the case of the incident pump beam propagating in crystal in the red, or a combination of both. The intensity
the direction of the +c axis, no fanning beams were ob- of the HeNe laser beam was approximately 15 mW/cm.'
served inside the crystal. The incident beam, however, which is small compared with the intensity of the Ar-ion
was strongly attenuated as it propagated into the crystal laser beam of approximately 500 mW/ cm2
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A photorefractive beam-coupling model in which the be reinforced by energy diffracted out of the pump beam.
directional properties of the fanning beams are deter- By considering the propagation of light in anisotropic me-
mined by the symmetry of the crystal (4 mm). the polar- dia. we see that such beams must either have their prop-
ization of the incoming laser beam and the symmetry of agation vector in the xz plane or exactly along the Y axis.
the electrooptic tensor can be used to explain the case for Thus a pump beam incident along the c axis can generate
input light propagation along the c axis. We assume that a fanning beam which lies in the plane formed by this axis
the beam fanning along preferred directions initiates from and the polarization vector of the pump beam, and the
scattering off gratings established by interference between fanning beam will be polarized in this plane. This is pre-
the input beam and randomly-scattered beams. The initial cisely what was observed experimentally in Fig. 2(a). A
fanning beam itself then also suffers beam fanning, lead- second beam polarized parallel the polarization of the
ing to beam trajectories inside the crystal %khich are de- pump and propagating perpendi, ular to the plane defined
termined by the polarization of the incident light, the sign by the polarization and propagation vectors of the pump
of the dominant charge carriers, the s~nmmetrv and mag- is also permitted. This may partly explain the intense scat-
nitude of the electrooptic tensor elements, and the refrac- tering of the pump beam observed just inside the crystal
tive indexes of the crystal through a set of phase matching in Fig. 2(a) and (b).
and beam coupling conditions

In cases 1) and 2) (propagation along the e axis), the ABsORPrioN

optical properties of the cr'sstal are isotropic about the in- Fig. 3 shows the absorption spectra of the Cr doped and
cident bcam. Thus beam fanning in thee two cases must undoped crystals. As can be seen, the addition of Cr has
be invariant under a 180' rotation of the crystal about the two major effects on the absorption: 1) the band edge is
ikiidcnt bcrn. Siace the fanning beam, are started by effectively moved toward lower energy, which gives the
random scattering and reaches a steady state, some sort crystal its reddish color, and 2) the absorption becomes
of feedback mechanism is active. II beam coupling is the more anisotropic. There is little structure in the absorp-
feedback mechanism, then the scattered beams of interest tion curves except for a !-road peak at about 600 nm in
must have a polarization component parallel to that of the the c axis absorption. Without further data, it is not pos-
incident beam (this is required in order for the two beams sible to assign the peak to Cr transitions.
to interfere). Assuming diffusion is the transport mecha-
nism (no external fields were applied). the photorefractie PHOTOVOLTAIC EFFECT
grating vector will lie in the plane defined by the propa- Another significant characteristic of this heavily doped
gation vectors of the incident and scattered beams. BaTiO3: Cr crystal is the magnitude of its bulk photovol-

In order to show that the strongest fanning beams in the taic effect. Bulk photovoltaic currents in noncentrosym-
crvstal must lie in the plane of polarization of the incident metric crystals. including BaTiO 3, have been observed by
beam. we must examine the coupling due to the electroop- many researchers I 1 1-' 13]. Phenomenological models of
tic effect. Let us define a coordinate system with the +z the photovoltaic effect have been presented by Glass 1131
axis in the direction of the c axis and the x and *v axes and Belinicher and Sturman 1141. Following the notation
along the equivalent a and b axes of the cr stal We will of Belinicher and Sturman, the current density J,0) is given
assume that the incident pump beam is propagating along by
the zaxis and, without loss of generality, polarized along ,0) = a-4( )2
the x axis. The interference between a typical scattered , = B,?E E' (2)
beam and the incident beam will create a sinusoidal elec- where d,," is the bulk photovoltaic tensor, and El'.' and
tric held with a grating vector which is the difference be- Elk-) are components of the optical field of frequency (,.
tween the two propagation vectors. Through the elec- In BaTiOl, the nonzero photovoltaic tensor elements are
trooptic effect this creates a grating in the impermittivity. 3t,, ti= 1 i=22 = 2 2,. 13 = 1t j. 0im = ,•i, and t3 l
However, only those gratings which can couple energy = 32, = 3 1
from the pump to the scattered signal beam will be rein- Fig. 4(a) schematically shows the arrangement used for
forced and build up to a steady-state strength. measuring the bulk photovoltaic currents as a function of

It can be shown that the impermitttt itt tenser for this the angle 0 between the optical polarization and the c axis.
geometry has the form From (2). the current density along the c axis is given by

K') 0 0 .1K,, 0 1 K,,J' = IE L 12 i311 sin2 0 + 0, 133cos 2 61. (3)

0 K, 1 K i 1 observed along the a axis for any' value of 0. The mea-

K.K3  AK,, AAK 1  sured c axis currents normalized by the light intensity are

I shown in Fig 4(b). The solid line is a fit to the above
From this form, it is seen that the x-polarized pump can functional form, and the inset shows that the current var-
transfer energy by beam coupling only to beams polarized ies linearly with intensity.
in the xz plane. This means that only randomly-scattered Fig 3 shows the absorption curves for both the Cr
beams polanzed in the z plane (extraordinary beams) %ill doped and undoped crystals. Because the absorption of
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20- values are an order of magnitude larger than those mea-

sured on the undoped crystal. Dividing 033 by the ab-
sorption at 488 nm gives a Glass constant k, of 1.2 x

E 15 10- A" cm/W which is an order of magnitude larger than
SBor,, C, that reported in LiNbO 3 [131.

SEi SUMMARY

to, The increased absorption of the Cr doped BaTiO 3 crys-

S5- tal (whether it is due to Cr or some compensating defect)
n is probably the source of the increased photovolaic activ-

0 _ _ ity. Unlike the case of LiNbO3 1131, dividing the photo-

42o 500 Ex' Ix voltaic tensor elements for the Cr and undoped samples
wcietrsf n by the respective absorption coefficient of each sample did

Fig. 3. Polarization dependence of the absorption coefficient of nominally
"'undoped" BaTiO, and BaTiO, Cr crystals not yield the same Glass constant, however further re-

search needs to be done on samples doped with varying
,,, amounts of Cr. Since the behavior of the beam fanning

,-10 r, can be explained by a photorefractive beam coupling
model, it seems likely that the increase in beam fanning

... Ijj._ is simply due to an increase in the two beam coupling
4•8 • .1 coefficient which, in turn, is probably due to the high ab-

(a) sorption of the Cr doped crystal. Unfortunately, standard
_ _ _ _ _beam coupling gain measurements could not be per-

BaT -.:Cr formed reliably due to strong beam fanning.
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the light beam, respectively, and cc and at3 are the a or c
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Using the parameters obtained by curve fitting the data, lication

and the absorption of the crystal, the photovoltaic tensor
coefficients at the 488 nm wavelength were found to be C. W.rde (M'76). photograph and biography not available at the time of
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R. S. Hathcock, D. A. Temple, and C. Warde
Departments of Materials Science, Physics, and Electrical Engineering and

Computer Science
Massachusetts Institute of Technology

Cambridge Massachusetts 02139

R. R. Neurgaonkar
Rockwell International Science Center, P.O. Box 1085

Thousand Oaks, California 91360

Czochralski grown SBN:Fe and SBN:Ce crystals have been studied by
photoconductivity and temperature dependent conductivity in order to
understand the nature of trapping centers in these materials.

INTRODUCTION

The tungsten bronze crystal Sro 6 Ba 0 .4 Nb 2 06 (SBN-60) is a photorefractive
material that has recently been grown in large single crystals. SBN-60 has
only one phase transition at 75 0 C, the paraelectric-ferroelectric
transition, and therefore is not damaged by cooling.1  Also, since its
tetragonal distortion is relatively large, compared with BaTiO., 900 domains
are uncommon. However, like BaTiO 3 , the origin of the photorefractive effect
and the role of defects and impurities in the effect are unknown.

As part of a program to study the nature of dopants in SBN-60, Neurgaonkar
et al.1 have grown Ce and Fe doped SBN crystals. The sensitivity of Ce doped
SBN is two orders of magnitude larger than the undoped material while the
response time is reduced approximately one order of magnitude. In order to
better understand the nature of the charge transport and trapping, these
materials were investigated using photoconductivity and temperature-
dependent conductivity techniques.

EXPERIMENTAL RESULTS

The experimental apparatus consists of a sample chamber, a Keithly 617
electrometer, an Ar-ion laser, and an AT&T personal computer. The sample
chamber is a Faraday cage with an optical window, and it houses a teflon
crystal holder. The Faraday cage is nessecary in order to reduce electrical
noise, and teflon is used for the crystal holder as its resistivity is much
greater than that of the crystal. The computer controls a shutter which
exposes the crystal to the laser beam, and it records the current measured
by the electrometer. The dark conductivity was measured as a function of
temperature by heating the Faraday cage and monitoring the crystal
temperature with a thermistor probe near the crystal.

Photoconductivity rise and decay curves were recorded over a range of
intensities and for several lines of the Ar-ion laser. The rise and decay
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times of the SBN:Ce were too short to be resolved by the electrometer so a
storage oscilloscope was used to record the response of this crystal. In
order to achieve sufficient signal, the intensity was set to the maximum
availible from the laser. The photocurent response time (l/e point) was
found to have a decay time of approximately 22 ms and a rise time of 18 ins.
These response times are of the same order of magnitude as those observed in
photorefractive studies of this material.'

The response of the SBN:Fe crystal was much slower. Figure 1. shows
typical rise and decay curves for the SBN:Fe crystal for two different
intensities at a wavelength of 488nm. These curves were fitted to a sum of
exponentials.3  The decay curves are best fit to a sum of three exponentials
plus a constant dark current, while the rise curves are composed of the
steady state current minus the sum of two exponentials. The steady state
photocurrent as a function of intensity is shown in Fig 2. From this plot we
find that the photocurrent is given by:

iph = 3.6*10.5 8

where iph is in nA and I is in mW/cm 2 . The three time constants for the
decay curves are:

T 0.5 ! 0.2 sec

T = 2.6 ±0.4 sec

T s M 18 ±9 sec

The largest time constant may be due to thermal decay. Since the decay time
constants are expected to change with temperature and no attempt was made to
control the temperature in the photoconductivity experiments, the
uncertainty in the above time constant values was expected.

The time constants for the rise curves vary with intensity. Further
experiments are being conducted in order to measure the time constants as a
function of temperature, and such measurements should yield the depths of
the traps. An Arrhenius plot (in(i) vs I/T] of the dark current for SBN:Fe
is shown in Fig 3. This shows a trap depth of approximately 0.8 cV.

Photoconductivity studies indicate that SBN:Ce is significantly faster than
SBN:Fe. Based on the observed multiple time constant decay data, the
response time of SBN:Fe appears to be associated with several trapping
levels or distributions of trapping levels.
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11 Collaboration with Related Research Group

Our collaboration with related research groups included :

1. An exchange of crystals (BaTiO 3 for SBN) with Dr. R. R. Neurgoankar
of Rockwell. We jointly participated in the measurement of the photo-
conductivity in the SBN sample (see Section 10)

2. An exchange of crystals (BaTiO 3 for BSO) with Professor Armand Tan-
guay of the University of Southern california. We measured photolumi-
nescence in the BSO samples.

3. Providing a BaTiO 3 crystal called "Doyle" to Professor Jack Feinberg of
the University of Southern California.

4. Collaborating with and providing a BaTiO 3 crystal to and Dr. Char-
maine Gilbreath of the Naval Research Laboratoiy for use in wavefront
shaping of a diode laser for space communications.

5. Technical exchanges with personnel from Sanders Associates on the crys-
tal growth of barium titanate.
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